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G E N E R A L I N T R O D U C T I O N 

The growth of the head has been a subject of frequent studies, and 
many opposing opinions have been presented. This is especially 
true of the growth of the cranium. A recurrent problem on which 
much speculation is made is how the interrelation between the 
brain growth and the growth of the cranium is explicable. 
Whenever dealing with growth, questions about the significance 
of the influence of the environment a r i se . This applies also to 
the growth of the cranium: does the growth of the brain induce 
the growth of the bones in the cranium, or do the bones, does the 
connective t issue between the bones, possess an inherent auton
omous growth potency? 
It was felt that a contribution to the knowledge in this field could 
be presented by studying the growth of the coronal suture in the 
r a t from 4 to 11 days of age. 
The suturai a rea was studied under normal conditions and after 
isolation and implantation into the brain of the same animal. 
Fur thermore , the influence on the sutural growth was examined 
when changing the s t r e s ses in the brain capsule. A number of 
different techniques and methods have been used. 
The resul ts of the investigations have been related to cranial 
growth. 
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CHAPTER I 

S O M E R E M A R K S ON C R A N I A L G R O W T H 

On the growth and development of the brain case many hypotheses 
and theories have been presented and quite a number of studies 
have been published. It is impracticable to go into all the work that 
has been done. Therefore, only the most relevant opinions and 
investigations will be mentioned. For the same reason the d i s 
cussion will be limited to the following four major aspects: 
1. The origin and location of bone in the membranous capsule of 

the brain. 
2. The determination of the location of the cranial sutural a reas . 
3. The function of the cranial sutural a reas . 
4. The mechanism and the control of the growth in the cranial 

sutural a r eas . 

1. Various theories have been advanced to explain the origin of bone 
in the membranous brain capsule. 
THOMA (1911, 1913) believed that the membranous brain capsule 
grew as a reaction to internal p res su re exerted by the growth of 
the brain. In his opinion, the first sign of bone should be regarded 
as a reaction to this p ressure or a reaction to an intensifying of 
the p res su re . Fur thermore , the bending of the cranial base in a 
certain stage of development may cause an increase of the s t r e s s 
in certain par ts of the brain capsule, resulting in an induction of 
bone formation. 
KOKOTT (1933) worked out a theory that comes close to the one 
developed by THOMA. By macroscopic investigation of the fibre 
orientation in the brain capsule of human embryos and by experi
menting with a model (a balloon) of the brain capsule, KOKOTT 
arr ived at a specification of the start ing point of bone formation. 
According to him the fibrous t rac ts connecting the brain capsule 
with the cranial base act as reinforcement of the capsule and 
distribute the tension in the capsule in correlation with the later 
formation of the f irs t bone trabeculae. 
MOSS AND YOUNG (1960) brought out essentially the same idea in 
their analysis of neuro-cranial growth by stating that the fibre 
t rac ts in human adults underlie the major cranial sutures . 
Another point of view has been presented by WEINNOLD (1922). She 
expressed the opinion that the origin of bone tissue in the calvarium 
is determined pr imari ly genetically. She based this on the fact 
that in anencephalic heads, too, ossification centres can be found. 
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MAXIMOW AND BLOOM (1957) indicate that the start ing points for 
bone formation in the braincapsule a re determined to a large extent 
by the presence of blood vesse ls . 
A s imilar point of view is expressed by TRUETA (1962). He used 
the t e rm 'osteogenetic vesse l s ' . 
WEINMANN AND SICHER (1955) are of the opinion that in t ramem-
branous bone formation s ta r t s , and develops, in a condensation 
of mesenchyme. Immature coarse fibrillar bone trabeculae a re 
formed, radiating from a centre. The further growth takes place 
on the surfaces and along the borders . They consider the sutures 
as remnants of the membranous capsule of the brain and as the 
connection between the outer periosteum and the dura mater . 

All the theories mentioned above lack adequate proof. Considerably 
more basic information is needed bef ore an acceptable explanation 
can be given for the origin of bone in the membranous capsule of 
the brain. It may be assumed in part icular that histochemical 
studies and tissue culture investigations can contribute essential 
data. 

2. The location of the cranial sutural a reas is established when the 
ossification centres meet their neighbours by peripheral growth. 
The sutures mark the limits of the bones of the cranial vault. 
SITSEN (1933) expressed this by saying that sutures develop 
where the bones meet. 
TROITSKY (1932) considered the sutures to be topographical 
boundaries which the bones do not go beyond. He based this theory 
on an experiment in one dog in which he extirpated a sutural a rea 
without damaging the dura. The bone regenerated to the preopera
tive topography. The same pattern was re-established. 
MOSS (1954), as well as GIRGIS AND PRITCHARD (1958), tried to 
prove that the localization of sutures depends on the relative growth 
of adjacent bones. MOSS removed from the calvaría of young 
ra t s , pieces of bone and dura mater bounded on one edge by a 
suture. GIRGIS AND PRITCHARD tried to do this in ra t s in utero. 
In both experiments the adjacent bone grew into the operated area . 
This led to the conclusion that the position of the suture was 
changed. 

Regarding the establishment of the position of the sutural a reas 
only little is known. The information presented till now does not 
warrant definite conclusions. 

3. To the sutural a reas the following main functions are ascribed: 
a. Growth centres with expansive growth. 
b . Sites of spatial adjustments. 
c. Joints to allow relative movements of bones. 
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PRITCHARD, SCOTT AND GIRGIS (1956) have described the 
development of the whole complement of sutures in the ra t and 
other animals. 
They distinguish five stages in all sutures: 
1. Stage of approaching bone t e r r i to r i es . 
2. Stage of meeting bone t e r r i to r i es . 
3. Early growth stage. 
4. Late growth stage. 
5. Adult stage. 
In stage 1, each bone is surrounded by a cambial layer of osteo
genic ce l ls . F ibres a re present between the bones. In a way the 
bones with their cambial layers split the fibrous brain capsule 
into two layers : periosteum and dura mater . In stage 2, during 
the formation of the suture, the tissue between the bone edges 
differentiates in five layers . Closest to the bones a re the cambial 
layers , next the fibrous capsules, and in the middle the loose 
cellular connective t issue. In stages 3, 4, and 5, all five layers 
a r e still present , but in different proportions. 

In the discussion of the function of sutures the question a r i s e s : 
Which contributes most to the growth of the cranial vault: the 
sutural growth or the remodelling of bones by apposition on the 
outside and resorption on the inside of the calvarium. 
VIRCHOW (1858) tried to study this aspect through the evaluation 
of abnormal skull forms. He was of the opinion that obliteration 
or hypofunction of the sutural a r eas caused deformation of the 
skull. Scaphocephaly, for example, was held to be a result of 
hypofunction of the sagittal sutures. 
MIJSBERG (1932), who studied Javanese skulls, denied this. He 
thought that it was "Das Flächenwachstum" that was responsible 
for the expansion of the skull. 
The discussion revived by the work of BRASH (1934), MASSLER 
AND SCHOUR (1951), and BAER (1954). They all used the method 
of vital staining with madder or alizarin red S for describing 
the processes of bone growth. BRASH studied madder-fed pigs 
and reached the conclusion (the same ' as MIJSBERG (1932) had 
reached on human material) that the growth of the cranium 
primari ly had to be explained by apposition on the ectocranial and 
resorption ontheendocranial surface of the skull. MASSLER AND 
SCHOUR do not agree to this. Their findings from experiments 
with ra t s made them conclude that it was the sutural growth that 
contributed most to the enlargement of the skull. BAER essentially 
agrees with MASSLER AND SCHOUR. He concluded from ra t 
experiments that the enlargement of the brain case was caused 
primari ly by separating growth of the sutures and that proportional 
changes were effected by differential growth on the inner and 
outer cortical plates . 
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According to WEINMANN AND SICHER (1955), the tissue of the 
suture is responsible for the overall growth of the cranium. They 
consider the proliferating sutural connective t issue and the 
proliferating carti lage in the synchondrosis to be identical in 
their biologic significance as sites of growth. 
PRITCHARD, SCOTT, AND GIRGIS (1956) attach to the suture the 
functional significance of being a site of active bone growth and 
a connection between bones that permits slight movement. 
They actually liken the sutures to joints. 

In the evaluation of the information presented here it should be 
kept in mind that in so far as it has been based on experiments, 
the differences of opinion may be due mainly to the fact that the 
experimental animals and the developmental stages studied were 
seldom comparable. The activity in and the functions of the 
sutural a reas a re not always the same, but depend on the 
developmental stage. 
It is still open to discussion which contributes most to the growth 
of the cranial vault: the sutural growth or the processes of r e 
sorption and apposition on the surfaces of the bones. 

4. Various other attempts have been made to explain how the growth 
process takes place in the sutural a r eas and in the skull bones 
(MOSS, 1954; YOUNG, 1959, 1962; ENLOW, 1963). 
MOSS (1954) described three developmental stages in the sutures 
of r a t s : histodifferentiation, the growth stage (with a cri t ical 
period about the 7th day), and the mature stage. The maturation of 
the sagittal and coronal sutures takes place from the c i rcum
ference to the centre . 
YOUNG's studies (1962) of postnatal growth of the skull of young 
ra t s injected with tritiated glycine showed that the collagen and 
the bone matrix were probably synthesized by osteoblasts. The 
increase in area of the immature cranial bones within the expanding 
neurocranial capsule took place by continuous osteogenesis at the 
bone edges. Flattening of the cranial bones occurred mainly by 
regional inequalities in appostion in association with localized 
resorption. 
If the principles of bone remodelling described by ENLOW (1963) 
are applicable to the sutures , it implies that the formation of new 
bone in the suture is associated with complementary resorption 
and apposition of bone from other surfaces. 

Without any doubt, the growth of sutures is influenced by a number 
of factors. A great deal of controversy exists about the importance 
of the individual factors that can be distinguished in this phenom
enon. Only little research has been done in this field and that 
makes it difficult to draw warrantable conclusions on the material 
presented so far. 
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For the sake of clearness, only the two dominating philosophies 
regarding the control of the growth in the cranial sutural area 
will be mentioned here. WEINMANN AND SICHER (1955) regard 
the growth process in sutures as autonomous and the influence of 
extrinsic factors of minor importance. 
The opposite philosophy is introduced by MOSS (1956, 60, 62). 
He considers the sutures to be sites of secondary, compensatory, 
bone growth. According to MOSS, the growth of bone and main
tenance of skeletal size and shape is dependent primarily on the 
functional state of related soft tissues, for which he introduced 
the concept of "the functional matrix". This theory is inspired by 
the hypothesis of functional cranial components developed by VAN 
DER KLAAUW (1952) on the basis of comparative anatomy studies. 
MOSS applies this concept to ontogeny. He states that by the ex
pansion of the neural mass the bones in the membranous brain 
capsule are passively carried outwards and away from each 
other. As a reaction to this, secondary - compensatory - growth 
must take place in the sutures in order to maintain the continuity. 
However, it may be remarked that VAN DER KLAAUW already 
(1952) has indicated that while in some animals the brain entirely 
fills the available space, also animals exist in which the brain 
does not fill the skull completely. 
Other authors have put forward the idea of dependence of the 
skull on the brain based onphylogenetic considerations. Mentioned 
in this respect are DE BEER (1937) and WEIDENREICH (1941). 
According to WEINNOLD (1922) and YOUNG (1959), certain abnor
malities, such as microcephaly, anencephaly, and hydrocephaly 
may illustrate dependence of the calvaría on the size of the brain. 

It was felt that a suitable contribution to the knowledge and 
understanding of the bone growth in general and of the growth of 
the brain case in particular could be made by studying in detail 
the morphology and growth of the coronal suture of the rat. For 
the same reason, experiments are carried out to study the 
behaviour of this suture under abnormal conditions, as in intra
cerebral autogenous implantation of part of the coronal suture 
and, in s i t u , after the induction of micro- and hydrocephaly. 
In these experiments, several techniques are applied to get 
information in more detail on the processes that control the 
growth of the suture. 
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CHAPTER II 

M A T E R I A L AND M E T H O D S 

A. GENERAL INFORMATION 

The experiments underlying this thesis can be distinguished into 
two different types. In Chapter III, the intracerebral autogenous 
implantation in ra t s of a par t of the coronal suture together with 
a number of control experiments is described. The information 
derived from this part of the study led to experiments of a 
different type, i.e. the induction of mic ro - and hydrocephaly. 
As experimental animal the Wistar ra t was chosen. The animals 
were kept under normal laboratory conditions in the Central Animal 
Laboratory (Head: Dr. vet. J.M. Dobbelaar) of the Faculty of 
Medicine, University of Nijmegen, The Netherlands (DOBBELAAR, 
1960). In the experiments a standard procedure was followed to a 
large extent. Operations were in most instances car r ied out on the 
4th day after birth and followed up to the 11th day, so the experi
mental period involved 7 full days. The animals were derived from 
l i t ters of 9 to 11 ra t s and were nourished by the mother through
out the experimental period. All ra t s in a l i t ter were numbered 
by toe and/or finger amputation (REITSMA, 1963), and the litter 
size was reduced to 6 by random selection. 
For the implantation groups the time of conception was determined 
by means of vaginal smear s . The sex was recorded in the micro
cephalic and in the hydrocephalic group experiments. However, 
this factor was not considered to be of importance in the period 
of life during which the animals were used. 
For all the animals the body weights were recorded at 4 days and 
at 11 days of age. 

B. OPERATIVE TECHNIQUES 

I m p l a n t a t i o n 
A mid-line incision about 1 cm long was made over the cranial 
vault, and the skin retracted. On the left side of the coronal 
suture the place for cutting the implant was marked with a pair 
of dividers. A constant distance was used for the determination 
of the medial side of the implant. The measurement was carr ied 
out along the coronal suture line with the centre of bregma as 
start ing point (Fig. II-1). A rectangular section of the coronal 
sutural area including the dura and periosteum was cut out with 
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a scalpel, the longer sides being perpendicular to the sutural 
line (Fig. II-2). The implant was placed on an object glass , kept 
moist in a drop of Ringer 's solution, and photographed by a 
standardized method. An angular cut was made in the parietal 
bone on the right side. The bone fragment was folded back and 
with the aid of a pipette the implant was placed in the lateral 
hemisphere (Fig. II-3). The bone fragment was repositioned and 
the wound sutured. After 7 days, the animals of the autogenous 
implantation group were decapitated. The brain was removed and 
dissected, and the implant located and removed. The implant 
was again photographed in a drop of Ringer 's solution. Sub
sequently, the implant and the calvarium were fixed. 
The animals used to study the immediate effect of the operation 
on the implant were decapitated 1/2 to 1 hour after the operation 
at the 4th day of age. The implants were handled in the same 
way as the ones retr ieved at the 11th day of age. 

S h a m o p e r a t i o n 
At the 4th day of age, a segment of the coronal suture comparable 
with the implant was detached on 3 sides (Fig. III-3,p. 21) and the 
wound sutured. The animals were decapitated after 7 days. 
Immediately after, the calvaría were stripped of the skin, and 
the heads fixed. X-ray photographs were made of the operation 
a reas after these had been cut free from the r e s t of the calvaría. 

I n d u c t i o n of m i c r o c e p h a l y 
After incision and retraction of the skin, an angular cut was made 
in both parietal bones with a scalpel, and the bone fragments were 
folded back. With a Siemens Radiotom 614, par ts of the two 
lateral hemispheres were cauterized. The electrode used was 
insulated except for the ball-shaped end (Fig. II-4). The electrode 
was introduced into the brain mass 3 mm below the coronal 
suture. The cur rent was switched on for 5 seconds, with the 
instrument set at Voltage II : 0 - 5 0 V, and Intensity position 2-3. 
After cauterizing both s ides, the bone fragments were repositioned 
and the wound sutured. 

I n d u c t i o n of h y d r o c e p h a l y 
Holding the heads of the animals bent forward, 0.02 cc of a 
s ter i le 30% suspension of kaolin (a white clay, hydrous aluminium 
silicate) in physiologic salt solution was slowly injected intça-
cisternally. An 0.05 cc tuberculin syringe with a needle gauge 20 
was used (Fig. II-5). Precautions were taken to keep the a i r 
passage open. In a few cases , respirat ion stopped after injection 
but was res tored artificially. At the end of the experimental period 
the animals were decapitated, the skin was removed, and the heads 
fixed. 
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Fig. II 

Autogenous implantation of the 
left coronal suture. 

1. The place for the medial 
cut of the implant is marked. 

2. A rectangular section of the 
left coronal sutural area is cut 
out with a scalpel. 

3. With the aid of a pipette the 
implant is placed in the right 
hemisphere. 



Fig. 11-4 - Induction of microcephaly. 

The electrode is insulated except for the ball-shaped end. The electrode is introduced 
into the brain mass through both parietal bones, one after the other. Part of the two 
lateral hemispheres is cauterized. 

Fig. 11-5 - Induction of hydrocephaly. 

With the head of the animal in a bent-forward position, a suspension of kaolin is 
slowly injected intracisternally. 
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С. HISTOLOGIC TECHNIQUES 

N o r m a l h i s t o l o g y 
Bouin's fluid was used as fixative. Owing to the low apatite content 
of the young bone, decalcification could be dispensed with. 
" F i s h e r Tissue Mat." (56.5-610C) served as embedding material . 
All sections were cut perpendicularly to the coronal sutural line. 
F r o m the whole calvarium, sagittal and frontal sections were 
made to gain a good overall view. The paraffin sections (7 μ ) 
were stained with Η.E. (DELAFIELD), with Trichrome (GOLDNER), 
and by VAN GIESON's and WILDER's staining methods. 
H.E. was used for the overall picture, Tr ichrome for the coarse 
fibres, van Gieson's method for distinguishing between cellular 
and fibrous t issues, and Wilder's method for the newly-formed 
fine fibres. 

D. SPECIAL TECHNIQUES 

V i t a l s t a i n i n g 
The vital staining technique was used on the autogenous implan
tation, the m i c r o - and hydrocephalic and the control ra t s . 
The bone marking agents were used in order to gain a better 
insight into the growth and remodelling processes which occur in 
the skull bones in the different animals during the experimental 
period. 
Tetracycline (Oxytetracycline hydrochloride) was injected intra-
peritoneally at the 3rd day of age, 18 hours pr ior to the operation. 
The dose was 10 mg per kg body weight (STEENDIJK, 1964). 
Alizarin red S (2% saturated solution) was injected intraperi-
toneally at the 11th day of age, 8 hours pr ior to death. The dose 
was 100 mg per kg body weight (MASSLER AND SCHOUR, 1941). 
Tetracycline was injected primari ly because on the one hand it 
protects the animals against possible infections, on the other 
hand it acts less adversely than does alizarin red S. 
Alizarin red S was administered shortly before sacrificing because 
besides its unfavourable effect on the animals it is said to re tard 
the processes of normal growth (MOSS, 1966). 
As fixative, 70% alcohol was used. No decalcification was carr ied 
out. The t issues were embedded under vacuum inO.C.T. (LABTEK 
for - 150C) and cut on a freezing microtome into sections of 10-
20 μ . The sections were examined under a fluorescence m i c r o 
scope. Tetracycline-stained bone then shows a yellow fluorescence 
and the al izarin red S-stained bone a bright red fluorescence. 

P e r f u s i o n w i t h I n d i a n i n k 
The experimental animals were perfused through the heart with 
a 10 cc physiologic salt solution containing 1 drop of amylnitrite. 
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Carefully, vacuum-filtered Indian ink was injected until the ink 
emerged from the right side of the heart . The brain with the 
implant was fixed in 4 % neutral Formalin. After being located 
by means of X-ray photography, the implants together with the 
adjacent brain tissue were embedded in " F i s h e r Tissue Mat." 
(56.5 0 C ) . The 10 μ sections were stained by VANGIESON'sandby 
McMANAS' method (P.A.S.). The capil laries retained their black 
stain from the Indian ink. 

A u t o r a d i o g r a p h y 
Tritiated thymidine was injected into microcephalic and hydro
cephalic r a t s and into the control animals used for comparison 
in this experiment» It was administered intraperitoneally 2 hours 
pr ior to decapitation. The dose used was 33 μο per r a t (YOUNG, 
1957; KEMBER, 1960). 
By an injection 2 hours before sacrificing, only cells in the 
initial stage of mitosis (the S-phase) were labelled, which resulted 
in a simple and c lear picture. 
Trit iated thymidine-labelled preparat ions were fixed in Bouin's 
fluid for 2 weeks, embedded in " F i s h e r Tissue Mat." (56.50C), and 
cut into sections of 5 - 7 μ . 
The autoradiographs were prepared using the dipping method 
with Ilford G5 emulsion in gel form. The exposure time was 
14 days. The sections were counterstained with H.E. (MAYER) 
after processing. 
The dipping method with use of liquid emulsion was preferred 
because the emulsion layer can be thinner than that provided by 
the use of stripping film, and the overlying layer of gelatine 
between slide and nuclear emulsion is avoided (ROGERS, 1967). 
This increases the chance of proper recognition of the grains 
and makes this method superior to the stripping film technique. 

E. METHODS USED IN OBTAINING NUMERICAL DATA 

P h o t o g r a p h y 
The implants were kept moist in a few drops of Ringer 's solution 
and photographed with a Leitz Aristophot under standardized 
conditions. This resulted in a constant magnification of the 
implant on the film. For this purpose, Kodak films 50-B-65 
were used. 
The pictures of the implants were evaluated on a transilluminating 
table for sharpness. Blurred photographs were discarded. The 
approved p r e - and post-experiment pictures were mounted in 
pairs as lantern slides. 
The implants were measured in two directions (Fig. Ш-2, 
p. 19, distances a and b). The pictures were magnified 6x, 
using a Wild dissecting microscope, and measured with the 
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aid of the copying m i r r o r by projection on mil l imetre 
paper. 

X - r a y p h o t o g r a p h y 
The technical data in the X-ray photography of the sham operation 
area a r e as follows: X-ray tube: Siemens Heliodont; focus-f i lm 
distance: ca 30 cm; film: Dupont Cronex 0 - 1 ; exposure t ime: 
4 1/2 sees . 
All the ra t s in the microcephalic, hydrocephalic, and correspond
ing control groups were X-rayed on the day of operation (the 
4th day, Plate IX-a, b) and at the end of the experimental period 
(the 11th day, Plate IX-c, d). For this purpose, a special cepha-
lostat for r a t s was used, enabling highly standardized photographs 
to be made. Before being placed in the cephalostat, the ra t s 
were anaesthesized with ether. (Plate VIII-a, b). A Philips 
"Superpractix" was used for the horizontal exposures (72 kV, 
20 mA), a Philips "Prac t ix" for the vert ical exposures (50 kV, 
20 mA). In both directions the focus-film distance was kept 
constant at 700 mm. The distance between the midsagittal plane 
of the r a t and the film in the case of horizontal exposures and 
between the porion axis and the film in the case of vert ical 
exposures was fixed at 24 mm. The film used was Kodak DF 4 5 -
occlusal ultraspeed dental X-ray film. 
For both tubes an exposure time of 4/10 sec. was used. 

The X-ray photographs of 4-day and 11-day-old ra t s were 
measured on a transilluminating table with an X-ray caliper 
(John Bull) to an accuracy of one tenth of a mil l imetre. The 
distances measured are given in Fig. IV-1 (p. 35). 

P r e s s u r e m e a s u r e m e n t 
The intracisternal p ressure in normal ra t s and in hydrocephalic 
r a t s at the 11th day of age was measured with a Mingograf 81. A 
Detner needle was inserted in the c is tern, and the p ressu re 
recorded. The technical data are as follows: P re s su re head: 
0-300 mm (Hg EMT 35); filter: 3; sensitivity: 0-50, 0-20, 0-10 
mm/Hg; speed 25 m m / s e c ; max. amplitude: 5 cm. 
As a check on the position of the needle point, p res su re was 
exerted on the top of the head. By this p rocess , an immediate 
p re s su re surge was recorded when the needle was in proper 
position. 

R a d i o a c t i v i t y i n d e x 
Of the animals injected with trit iated thymidine, one half of the 
coronal suture was used for autoradiography, the other half for 
scintillation counting. The radioactivity index was determined 
by counting labelled and unlabelled nuclei. This was done under 
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the microscope with the magnification 25 χ 10. A ret ic le eyepiece 
was used, the squares being 1/25 c m . 
Four squares were counted around the tip of the parietal bone. 

L i q u i d s c i n t i l l a t i o n c o u n t i n g 
Taken from the animals injected with tr i t iated thymidine, discs 
3 mm in diameter were punched out of the tissue of the coronal 
area by means of a leatherworker 's punch. After rinsing in 
ethanol 70%, the discs were placed in scintillation vials with a 
1 cc digestion mixture of: 
0.1 M acetate buffer (pH. 5.0) 
0.003 M EDTA 
0.005 M cysteine 
5 mg/cc papain (Merck 60000 E/8) 
and incubated at 60° С for 18 hours . 
On removal of the discs, 1 cc of hydroxide of hyamine 10-X 
(PACKARD) and 10 cc of Bray ' s scintillation medium were added. 
The vials were counted in a t r icarb . liquid scintillation counting 
system, model 314 EX. 

W e i g h i n g of b o n e s 
The weights of the parietal and the interparietal bones as well as 
the weights of the parietal and interparietal bones collectively 
of the r a t s used for micro- and hydrocephalic studies were 
recorded after termination of the experiment. An E. Mettler 
balance, type H 16 (cap. 80 grams) was used. For this purpose, 
the decapitation at the 11th day of age was followed by aspiration 
of the brain and placing of the skull in 5% KOH for maceration. 
After one day the different skull bones were separated and placed 
in concentrated ethanol for dehydration. Subsequently, the bones 
were dried in an incubator and weighed. The weights were 
recorded in grams to 4 places of decimals. 

S t a t i s t i c s 
Statistical processing of the numerical data was carr ied out or 
checked by the Institute for Mathematical Service (Head: Ph. van 
Eiteren), University of Nijmegen. 
The sign test, the analysis of variance, the Wilcoxon test, the 
Student's t-test, and the Welch test were applied. A difference 
is considered to be significant if its p-value is lower than or 
equal to 0.05. 
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CHAPTER III 

A U T O G E N O U S I M P L A N T A T I O N O F T H E C O R O N A L 
S U T U R E 

A. INTRODUCTORY 

Little is known about the dynamics of the processes at the coronal 
su tures . In the very early stages the cranial vault is preformed 
by the membranous brain capsule. The ossification s ta r t s from 
centres in this capsule. Owing to the centrifugal enlargement 
of the bone te r r i to r ies , the interspersed membranous a reas a re 
gradually reduced in size. However, the ossifying te r r i to r ies 
do not fuse but remain separated by a well-defined membranous 
space. This soft t issue area between two adjacent calvarial bones 
is the suture. When the immediately adjacent bone edges a re 
included, a suturai area is spoken of (MOSS, 1954). The stage 
of development at which the line of union between two calvarial 
bones is called a suture, is a matter of definition. 
In this study the term "coronal suture" is used when the fibrous 
connection between the two bones is formed by connective tissue 
of specially organized fibres. 
However, until now the question is still open if at an early stage 
of development the sutural a rea may be considered an autonomous 
field of growth. It was felt that experiments with intracerebral 
autogenous implantation of par t s of the coronal suture could yield 
valuable information on the growth potency of an isolated sutural 
a rea . 

A gross anatomical and a histological study of the postnatal 
development of the cranial vault were car r ied out on 36 ra t s . 
The animals were sacrificed in groups of 3 and 4 at 1-4-7-8-11-
14-18-21 and 40 days of age. 
Histological preparations were made from the calvaría of all the 
animals. Out of each group preparations were cut coronally, 
sagittally, and perpendicularly to the coronal suture. 
On the basis of the information obtained, preference was given 
to the coronal suture as donor for the implant. The organization 
of this suture s ta r t s in the ra t s at the age of 4 days. At this time 
the parietal bone overlaps the frontal one in the lateral par t of 
the suture. However, the extent of overlapping decreases gradual
ly towards the midline. Near bregma no overlapping at all is 
present at 4 days of age. 
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In the bregma region the fibres of the membranous brain capsule 
run obliquely and uninterrupted through the suture. The direction 
was from anter ior , ectocranially, to poster ior , endocranially. In 
the sutural a rea the parietal bone consists of a single thin bone 
trabecula. This in contrast to the frontal bone, which is split 
into two or three trabeculae. 
Laterally in the coronal suture a few collagen fibres which 
connect the two bones run in an oblique direction from the 
anterior ectocranial edge of the parietal bone to the posterior 
endocranial edge of the frontal bone (Plate I-a). 

For investigations into the growth potency, the developmental 
stage of the coronal suture found in ra t s aged 4 days was con
sidered to be optimal. The occurrence of the overlapping may 
be interpreted as a sign of bone growth. In the period of 4 to 11 
days of age the calvarium and the brain of the r a t grow predomi
nantly in a sagittal direction (MASSLER AND SCHOUR, 1951; 
DONALDSON, 1915; SUGITA, 1917). When using a fast-growing 
s t ructure , it may be expected that the experimentally produced 
differences will be accentuated. The area described as well as the 
age (4 days) offer advantages regarding the practical aspects of the 
experiment. The absence of a sinus below the coronal suture 
reduces the liability to severe bleeding during and after the 
operation. In addition, implants from young animals with only a 
small amount of bone and a slight degree of calcification stand, 
as a rule , a fair chance of survival. 
For a number of reasons , the autogenous implantation into the 
brain was preferred to other implantation procedures. Mention 
will be made here of the fact that autogenous intracerebral 
implantation does not give r i se to immunological rejection of 
the implant. Another factor is that it may be assumed that the 
implant is not subject to dynamic mechanical influences. 
Fur thermore , the brain is considered to have a high oxygen 
concentration. Thus, autogenous intracerebral implantation offers 
adequate chances for a successful implantation experiment 
(DUTERLOO, 1967). 

B. EXPERIMENTAL DATA 

In addition to the experimental group, 6 control experiments 
were car r ied out for a better interpretation of the resu l t s . These 
will be described after the main experiment. An overall survey is 
presented in Table I I I - l . 
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TABLE III-l. Autogenous implantation and control experiments. 

Group 

1 

2 

2a 

3 

4 

5* 

6 

7 

Type of 
experiment 

Autogenous 
implantation 

Unoperated 
controls 

The normal 
suture at 4 days 

Check on the 
placed implants 

Check for 
bending of 
implants 

Check on 
photographic 
procedure 

Sham 
operation 

Check for 
revascular i
zation 

Main 
technique used 

Histology 
Vital staining 

Histology 
Vital staining 

Histology 

Histology 
Vital staining 

Histology 

Histology 

Histology 
Vital staining 

Histology 

Number of ra t s 
at 4 days 

24 
24 

18 
6 

10 

12 
10 

12 

6 

12 
12 

6 

at 11 days 

19 
20 

16 
5 

24 hours in 
Hank's 
solution 

6 

12 
12 

at 7 - 9 - 11 
days 

2 - 2 - 2 

* Group 5 і a part of group 1. 

1. Autogenous implantation of a section from the coronal sutures as 
described in Chapter II (II-B) (Fig. III-l, 2, 3) was carried out 
with 48 animals. The duration of the implantation period was 7 
days. The animals that were to form the autogenous implantation 
groups were chosen in a special way. From each of 8 litters of 
9 or 10 rats uniformly operated upon, 6 were selected at random 
to form the experimental group 1. 
The rest were used to examine the immediate effect of the 
operation on the implant (group 3). 
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Of group 1, which comprised 48 r a t s , 24 were destined for histo
logical investigation. The other 24 ra t s were subjected to vital 
staining in accordance with Chapter II (II-D). Two ra t s died 
during the experimental period. In three cases the implants 
could not be found back (cf. Table III- l) . 
Of the 43 implants available at the end of the experimental period, 
only 39 could be used for further evaluation. One had to be d i s 
carded because it was broken. Three implants were attached 
to the periosteum of the parietal bone. They were not incorporated 
because a possible inductive effect of the host bone on the implant 
could not be discounted. 

2. For a better evaluation of the autogenous implantation experiment 
the normal situation and the growth of the sutural a rea in a group 
of 24 ra t s was studied. At the age of 4 days, 6 ra t s were selected 
at random from a l i t ter . This was done 4 t imes , a total of 24 r a t s 
thus being involved. They were sacrificed at the age of 11 days. 
F rom 21 of these animals, information could be obtained through 
either histological or vital staining technique. 

2a. For a better insight into the morphology of the normal coronal 
suture at 4 days of age, a group of 10 ra t s was used. 

3. To study the immediate effect of the operation and to obtain 
some information on the condition of the implant shortly after 
the implantation, 17 implants were examined 1/2 to 1 hour after 
the operation. 10 Of these were injected with vital stains pr ior 
to implantation. 
Immediately after removal, the implants were photographed in 
the same way as were all implants before they were introduced 
into the brain. Subsequently, the implants were fixed and p r e 
pared further for histological and vital staining evaluation. 

4. As a check for a possible bending of the implants due to the 
experimental procedure, 12 specimens were placed in Hank's 
solution and photographed. They were kept under s ter i le con
ditions and photographed again after 1 hour and after 24 hours, 
and then fixed for histological evaluation. 

5. The effect of the handling during the photographic process was 
checked. 6 Rats of group 1 were not photographed. For the res t , 
exactly the same procedure was followed as for the autogenous 
implantation. The implants formed par t of the histologically 
evaluated group 1. 

6. To compare the behaviour of the implant with a s imilar yet more 
normal condition, the sham operation as described in Chapter II 
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Fig. 111-1 - Illustration of implantation procedure. 

Fig. 1II-2 - Illustration of the two distances (a and b) measured from the photograph 
of the implant. 
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(II-B) was car r ied out on 24 animals. 
The animals, in which a segment comparable with the implant 
was detached only on 3 s ides, were X-rayed after termination 
of the experiment (II-E). 
12 Of the 24 animals were injected with vital stains, as described 
in Chapter II (II-D). 

7. For a better interpretation of the reactions of the implants some 
experiments were car r ied out to see whether and when r e 
vascularization of the implant took place. The procedure followed 
is described in Chapter II (II-D). Vital staining and photography 
were omitted. In total, 6 ra ts were used. Two were sacrificed 
3 days after the implantation, two after 5 days and the remaining 
two after the standard 7 days. 

C. FINDINGS 

M e a s u r e m e n t s f r o m p h o t o g r a p h s 
The implants were measured from their photographs, in two 
directions, as indicated in Fig. Il l-2 (p. 19). 

Group 1. The resul ts of the measurements on the photographs taken 
of implants which remained in the brain for 7 days could not be 
compared with the original data of the same specimen because 
the resorption had already started at the edges of the bone. The 
impression was gained that the implants had not increased in 
length during the 7-day period. 

Group 3. Comparison of the measurements obtained before 
implantation and after a stay in the brain for 1/2 to 1 hour 
revealed a few interesting facts. 
The longer distance "a" was reduced in all specimens (n= 22) 
except one that did not show a noticeable change. The mean 
decrease was 1.7 measuring units. The relative percentage 
decrease was 1.4%. 
The standard e r r o r of the procedure calculated with the formula 

V2 d 2 from 18 double determinations was 0.3 measuring units. 
2n. For the shorter distance "b" the mean decrease was 0.07 

measuring units. The resul ts were subjected to the sign-test and 
Student's t - tes t . 
The decrease for "a" was found to be significant. This was not 
the case for the distance "b" . 

Group 4. The size (distance "a") of the specimens in Hank's solution 
(n= 10) (cf. Chapter II (II-E) became smaller . The Student's 
t - t e s t was car r ied out. The change in size was not significant 
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Fig. 1II-3 - Illustration of the sham operation. 

a. Immediately after operation. 
b. 7 Days after operation, the effect as it was recorded in the X-ray photograph. The 
sutural line is displaced backward and there is a corresponding opening at the 
anterior free border. 
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Fig. III-4 - Reconstruction drawing of the left coronal sutural area of an 11-day-old 
rat. Lateral view. The fibre direction is indicated schematically. 
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after 1 hour, but after 24 hours a significant decrease could be 
measured. 
The mean of the decreases after 24 hours was 3.5 measuring 
units. 

E v a l u a t i o n of X - r a y p h o t o g r a p h s 
Group 6. The animals which underwent the sham operation showed 
a backward displacement of the sutural line with a corresponding 
opening at the anterior free border. The shadow corresponding 
with the overlapping of the bones in the sutural line was smaller 
than normal (Fig. Il l- 3 a, b, p. 21). 

H i s t o l o g i c a l e x a m i n a t i o n 
The area of the coronal suture used in the experiment will be 
described first on the basis of normal 4-day-old rats (group 2a). 
In the lateral part of the area the bone edges overlap (Plate 1-a). 
This effect decreases towards bregma. 
It was stated above that in the suture region at this stage the 
parietal bone consists of a single bone trabecula, and the frontal 
bone forms two or three trabeculae. The bone is of an immature 
coarse fibrillar type and contains many osteocytes. 
The sutural area is highly cellular. The fibres are oriented 
obliquely. Most of them run through the opposite overlapping 
surfaces of the bones. Some fibres form a connection between the 
bones (Plate I-b). 
The edge of the parietal bone and the surface facing the suture 
are covered with several layers of osteoblasts. A distinct layer 
of osteoblasts also covers the dural surface of the bone. The 
external surface showed only few osteoblasts in the region 
opposite the suture; more dorsally, however, the external surface 
was covered with osteoblasts. On the dural surface near the 
suture, osteoclasts are usually present in Howship's lacunae 
(Plate 1-е). The frontal bone showed a distribution of the cells 
similar to that of the parietal bone, with one exception. Only few 
osteoblasts were present on the external surface. 
There is a gradual transition from undifferentiated reticular cells 
to mature osteoblasts. In a certain layer the cells may be desig
nated as preosteoblasts. Contrary to the mature osteoblast this 
type of cell exhibits frequent mitosis. Around the anterior 
ectocranial edge of the parietal bone and the posterior endo-
cranial edge of the frontal bone the concentration of undifferen
tiated mesenchyme cells and preosteoblasts was exceedingly high. 

Sections of the coronal suture of control rats aged 11 days 
(group 2) showed a pronounced overlapping of the bones (Fig. III-4). 
This overlapping is at this age also present in the medial part 
of the sutural area. The parietal bone is built up of a single solid 
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bone trabecula, but endocranially opposite the posterior edge of 
the frontal bone a delicate thin bone trabecula could sometimes 
be distinguished. The frontal bone juts with two or three t rabec-
ulae into the suture. The diploic spaces between the trabeculae 
extend into the fibrous t issues of the suture (Plate I I - a ) . 
In both cranial elements the bone is of an immature coarse 
fibrillar type and is partially covered with lamellar bone. Haema-
topoiesis is already present in the diploic spaces of the frontal 
bone. 
In the suture, the density of cells is lower at the 11th than at the 
4th day of age. The edges of the bones a re covered with osteo
blasts . On both the parietal and the frontal bone, only few osteo
blasts a re accumulated on the opposite sutural surfaces. 
The pattern of the osteoblasts on the ectocranial and endocranial 
surfaces of the bones varied to some extent from section to 
section. In most sections the osteoblasts on the endocranial 
surface formed a more or less continous layer, whereas on the 
ectocranial surface only few osteoblasts were found, distributed 
in small groups. On the endocranial surface of the bones, osteo
clasts were observed in close vicinity to the suture. 
In the sutural area , the parietal bone is connected with the frontal 
bone by collagen fibres. In the sections cut perpendicularly to 
the coronal suture, the fibres were oriented from upper anterior 
to lower posterior . The inclination of the fibres between the two 
opposite sutural surfaces, the internal surface of the parietal 
bone to the external surface of the frontal bone, is 10 -20° 
(Plate Il-b). It was found that fibres near the ectocranial surface 
come to end anteriorly between the bone trabeculae of the 
frontal bone. At the endocranial side, the obliquely oriented 
fibres extend into the dural periosteum, and some of them insert 
in the parietal bone. 

In the histological sections of the preparations which were im
planted into the brain for only 1/2 to 1 hour (group 3) some 
structural deviations were noticed. The sutural edges of both the 
parietal and the frontal bone fragments became curved and are 
bent into the suture, the effect of this being that the distance 
between the external anterior edge of the parietal bone and the 
external posterior edge of the frontal bone decreased. The sutural 
a rea also became more bulky (Plate I-b). 
The non-photographed implants (group 5) did not show any histo
logical difference from the photographed ones. 

The sections of the implants which stayed in the brain from the 
4th to the 11th day of age presented the following picture (group 1). 
A varying degree of overlapping - which in all cases was smaller 
than that observed in 11-day-old control ra ts - occurred in all 
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implants (Plate III-a). In a number of implants the overlapping 
was found only in partof the sections studied. When no overlapping 
was seen, the bone fragments were oriented edge to edge. The 
opposite ends of the bone fragments showed a marked structural 
variation. They were in most of the implants thicker than those 
in the 11-day-old control r a t s . The bone in these a reas was of 
the immature coarse fibrillar type (Plate Ill-b). On the orginal 
external surfaces, lamellar bone was found at some distance 
from the sutural a rea . On the internal surfaces, however, la
mellar bone was observed only in a few places. In some implants, 
the bone surfaces were smoother and more compact than in the 
control mater ial . Though marked morphological changes had taken 
place, identification of the parietal and frontal bone fragments 
in the implants was not difficult because their general appearance 
had been maintained. The diploic spaces were smal ler than in 
the control material and were separated from the sutural t issue 
by bone. 

Apart from a few scattered empty lacunae of former osteocytes, 
the bone showed vital osteocytes and was therefore considered to 
be alive. 
Osteoblasts were observed in a continuous layer on the originally 
ectocranial surface. On the originally endocranial surface osteo
clasts were seen inclose proximity to the sutural a rea (Plate III-c). 
Sometimes they were also found on the edges of the bone fragments. 
In the implant the original collagen fibres could be found back 
as an unarranged mass in the sutural a rea or on the originally 
external surface (Plate Ill-b). Newly-formed fibrous t issue was 
found around the implants. 
The connective tissue in the previous suture was loose and ra ther 
poor in cel ls . In no implants had fusion of the bone fragments 
taken place. 
The resul ts of the sham operations (group 6) yielded a picture 
much resembling that presented by the implants at 11 days. The 
overlapping of the bones was smaller than in the control animals 
and this confirmed the information obtained from the X-ray 
photographs. The collagen fibres in the suture were completely 
unarranged (Plate II-c). 

The injection of the host with Indian ink at the end of the im
plantation period revealed marked differences as regards the 
capillarization (group 7). 
The sections made from the implants which stayed in the brain 
for 3 days showed stained capil laries in the t issue surrounding 
the implant in contact with the bone tissue (Plate IV-a). 5 And 7 
days after implantation, stained vessels could be observed in the 
diploic spaces inside the bone (Plate IV-b). Close to the bone, 
cells with phagocytosed ink were seen. The concentration of 
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vesse l s around the implant was not considered abnormally high. 
On the other hand, the number of astrocytes was relatively large, 
indicating a low degree of gliosis. 

V i t a l s t a i n i n g 
The preparations made from the material treated with vital 
stains in the groups 1, 2, 3, and 6 showed the same morphology 
as the corresponding preparations discussed previously. Extra 
information was obtained about apposition and resorption of bone 
from the fact that tetracycline and alizarin red S were administered 
to the animals at different stages of their development. For the 
autogenous implantation experiments (group 1) and the sham 
operations (group 6) the vital stains were administered as indi
cated in Chapter II (II-D), i.e. tetracycline at the 3rd day of 
age, 18 hours pr ior to the operation and alizarin red S at the 
11th day of age, 8 hours before the end of the experimental 
period. 
The same applies to the 11-day-old controls, which had not 
been operated upon (group 2). 
Accordingly, the 4-day-old control implants (group 3) received 
tetracycline only. The sections made from these implants showed 
an overall staining of the bone with tetracycline. 
The 11-day-old control material (group 2) showed a typical 
pattern of differently stained bone layers . An inner area was 
delimited by tetracycline lines. The layer covering this area was 
unstained. The latter again was surrounded by a la rger stained 
with alizarin red S. However, the tetracycline lines were found 
at a considerable distance from the sutural area . This distance 
was at least 25 t imes as large as the one from the tetracycline 
lines to the ecto- and endocranial surf aces of the bones. The lines 
were distinguishable as a wave in the bones (Plate V-a) (Fig. IV-2). 
At a somewhat la rger distance from the sutural a rea the te t ra 
cycline lines approached the endocranial surface of the parietal 
bone. Over a small area they were not covered by bone. In the 
sequel, the tetracycline lines were embedded in bone again 
(Plate V-c). The same phenomenon was found in the frontal bone. 
The situation here described was found to exist especially around 
the line perpendicular to the middle of the suture. Laterally and 
medially of this line the tetracycline lines were all over the 
endocranial surfaces covered with the layers mentioned. 
On the endocranial surfaces of the bones the unstained layer was 
the thicker one, and usually twice as thick as the layer on the 
ectocranial surfaces. The tetracycline lines were often interrupted 
by diploic spaces (Plate V-b). 

The implants which stayed in the brain for 7 days (group 1) 
showed the same pattern of differently stained lines as was seen 
in the 11-day-old controls. 
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The unstained bone layer was thinner but the location of the 
original bone fragments stained with tetracycline was approx
imately the same as in the 4-day-old control implants (Plate IV-c). 

The sections of the sutural a rea after the sham operation (group 6) 
showed, as stated previously, a smaller degree of overlapping 
of the bones than was observed in the unoperated controls . 
Fur thermore , the tetracycline lines in the frontal bone reached 
the sutural area , whereas in the parietal bone the tetracycline 
lines appeared at a certain distance from the sutural a rea . 

D. DISCUSSION AND SUMMARY 

The growth of the cranial vault is generally considered to be 
intimately connected with the growth of the brain. Several hypoth
eses have been presented as regards the way the enlargement 
of the cranial cavity takes place. However, the factors governing 
the growth have not yet been presented. Therefore, many questions, 
and especially the one concerning the influence of expansive 
forces on the development of the cranial vault, remain open. 

On the basis of a study of Javanese human skulls, MIJSBERG 
(1932) developed the hypothesis that the growth of the skull 
takes place by apposition on the ectocranial surface and by 
resorption on the endocranial surface of the vault. He did not 
consider the sutures to be entities that contribute to the growth 
of the cranial vault. BRASH (1934) came to the same conclusion 
on the grounds of his madder-fed pigs. However, other resul ts 
obtained by the application of the vital staining techniques seem 
to indicate the predominant role of the sutures in cranial develop
ment (MASSLER AND SCHOUR, 1951; BAER, 1954; MOORE, 1966). 
WEINMANN AND SICHER (1955) and SICHER (1952) expressed 
the same opinion. They even stated that there is an excess of 
sutural growth by writing: "The enlargement of the cranial 
capacity occurs by sutural growth. This sutural growth, initiated 
by proliferation of the sutural connective t issue and followed by 
apposition of bone at the sutural borders , is greater than is 
necessary to accommodate the growing brain, and this allows, at 
the same time, for apposition of bone on the cerebral surfaces 
of the cranial bones."* 
MOSS (1954) does not agree with this. He stated: "Periosteal 
t issues a re the si tes of calvarial growth - the growth is not 

* Welnmann, J.P. and Sicher, H.: Bone and Bones; 2. Edition, p. 98 (The C.W. Mosby 
Company, St. Louis, 1955). 
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accomplished by means of an interstitial expansive force - or igi 
nating whitin the soft t issues of the su ture ."* MOSS (1962) reduces 
the role of the sutural growth to being secondary to and compen
satory for the growth of the brain. 
The controversy described above can be reduced to the problem 
of whether the growth in the suture is dependent on the brain 
growth or not. 

The resul ts presented in this chapter may be considered to support 
some of the views expressed by WEINMANN AND SICHER 
(1955), who regard the sutures as essential to the growth of 
the cranial vault. 
The findings of the examination of the normal material indicate 
that the enlargement of the cranial vault during the experimental 
period is caused mainly by sutural growth. The location and 
number of osteoblasts and preosteoblasts suggest that the suture 
is the site of rapid growth. 
This point of view was borne out especially by the resul ts of the 
vital staining. Vital staining gives an impression of the location 
and the quantity not only of bone apposition but also of bone 
remodelling. In the vital-stained preparations the bone apposition 
in the sutural area was at least 25 times the extent of that ob
served on the endocranial and ectocranial surfaces. The original 
bone a reas are widely separated by the newly-formed bone. The 
size of the individual bones increases and at the same time a 
thickening takes place by surface apposition. 
The bone apposition registered on the endocranial surface of the 
parietal bone is in the centre of the bones twice as great as on 
the ectocranial surface. 
It indeed looks as if the bone apposition in the sutural area is 
bigger than is needed for the enlargement of the vault during 
the f irs t 11 days of postnatal life. 

MURRAY (1936) pointed out that together with the increase in 
dimensions of the bra in-case , the curvature of the individual 
bones is bound to decrease (they become in a way par ts of larger 
c i rc les) . Which mechanisms a r e responsible for this change in 
shape of the bones is not agreed upon. According to WEINMANN 
AND SICHER (1955) and BRASH (1934) the phenomenon is due to 
differential apposition and resorption on the surfaces of the 
bones. BAER (1954) states that the changes in shape of the ra t 
skull a re the resul t of spatial reorientation of the individual 
bones followed by adjusting differential growth. 
YOUNG (1962) showed by means of trit iated glycine that in the r a t 

* Moss, M.L.: Growth of the calvarla in the rat Amer. J. Anat. 94:334 (1954V 
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the flattening of the cranial bones occurs mainly owing to 
differential bone apposition with limited and localized resorption. 
This statement was based on an examination of frontal sections. 

The growth pattern in the region of the coronal suture as de 
scribed in this chapter is comparable with that found by YOUNG 
(1962) in frontal sections of the parietal bone. 
It was observed that on the endocranial surface the continuity 
of the layer of osteoblasts was broken at a certain distance from 
the suture by osteoclasts. This indicates an area of local r e 
sorption and accounts for the fact that the tetracycline lines a re 
broken or uncovered by bone substance in the same region. 
The extensive apposition of bone at the edges in conjunction with 
the localized resorption in other places resul ts in a flattening 
of the bones. A spatial reorientation as referred to by BAER 
could not be confirmed. 

In the coronal suture an increase in overlapping of the bones is 
observed during the period between 4 and 11 days of age. At the 
same t ime, the orientation of fibres running from bone to bone 
seems to split the sutural region into two separate a reas of 
intensive growth around the bone edges. 
An accurate histological description of a bevelled type of suture 
has not been found in the l i terature. 
The most elaborate study in sutures is presented by PRITCHARD, 
SCOTT, AND GIRGIS (1956). Though they only describe sutures 
with a simple end-to-end morphology, the authors give as their 
opinion that the five-layered arrangement of cells and fibres may 
also be found in overlapping sutures. The histological picture 
from the present investigation is not in accordance with this 
description, and the diagram concerning the general s t ructure 
of a suture shown by PRITCHARD, SCOTT, AND GIRGIS* does not 
fit the coronal suture in the period under investigation. The 
fibrous connection observed between bones is likely to be visible 
only in sections made perpendicularly to the sutural line. 
The conclusion drawn by PRITCHARD, SCOTT, AND GIRGIS 
concerning the s tructure of the cranial sutures were almost 
exclusively based on coronal and sagittal sections. This may 
account for the differences indicated. 

According to YOUNG (1959), MOSS AND YOUNG (1960),and MOSS 
(1962), the profileration of cells in the sutural a rea is not the 
pr ime mover which causes the cranial vault to expand. YOUNG 

* Pritchard, J.J., Scott, J.H. and Girgis. F.G.: The structure and development of 
cranial and facial sutures. J. Anat. 90.1:79 (1956). 
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(1959) expressed the opinion that the expansion of the cranial 
contents produces a tension in the cerebral capsule. This, in 
his opinion, induces the proliferation of cells in the sutural a rea . 
The bones a re then passively moving apart . MOSS AND YOUNG 
regard the growth of the sutures as a secondary growth which 
compensates for the separation of the bones in this a rea . 
On the grounds of our observations i t canbe stated that this concept 
is not applicable to the developmental stage of the ra t which was 
examined in this study. The histological sections of the coronal 
suture of normal 11-day-old ra t s showed clearly and consistently 
the oblique fibre direction described in this chapter and illustrated 
in Fig. III-4. It is evident from these observations that tension 
cannot be made responsible for the separation of the bones. If it 
were true that expansion of the brain separates the bones, a 
r eve r se direction of the fibres were to be expected. If the theory 
under discussion is to be applicable to the present observations, 
it must be assumed that the fibres in the suture t ransmit pressure 
instead of tension, which, however, is very unlikely. 
On the basis of the results published in this chapter a new and 
completely different concept is presented. 
The skull can be compared to a vault s t ructure in architecture. 
According to this concept p ressure is transmitted in the cranial 
vault after the connection between the bones has been established. 
This then accounts for the fibre direction in the coronal suture, 
and the function of the fibres has to be looked upon differently. 
The architectural cranial vault s t ructure is a construction which 
is only able to withstand a compressive s t r e s s from outside 
after the connection between the bones has been established. This 
is in accordance with the protective function usually ascribed to 
the cranial vault. 
The direction of the fibres in the suture is comparable with the 
direction of the fibres in the periodontal membrane. There the 
fibres between tooth and bone, too, t ransmit compressive forces 
in the form of tension. 
Another explanation is to say that there is a difference between 
the ra te of growth of the brain and the ra te of growth of the bone 
in the period studied. Then the bone growth is relatively faster 
than the brain growth and exceeds the amount of the bone growth 
needed to accommodate for the increase in cranial contents, which 
resul ts in an overlapping of bones and the described fibre 
direction. This will also resul t in a certain p ressu re in the vault. 
The resul ts presented here seem to eliminate the governing 
influence of the brain on the growth of the cranial vault. 

The implantation experiments reported on in this chapter demon
s t ra te that bone tissue in the sutural a rea has the potentiality 
of growing after implantation. It would be irrational to expect that 
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the implant should grow exactly to the same extent and in the 
same shape as does a normal suture. 
The modifications brought about are accounted for by several 
factors. One of them is the avascular period the implant has to go 
through. This means inadequate nutrition, and a lower growth 
rate than normally must be expected. During the f i rs t two or three 
days, the nourishment of the whole implant depends on diffusion. 
The bone trabeculae in the implant a re thin and the brain tissue is 
a good nutriment supplier. In all implants evaluated vital os teo-
cytes were found and all implants overcame this f irst cr i t ical 
period. 
Together with the further growth of the implant, revascularization 
takes place and makes further development possible. 
After cutting out the outlined area of the suture for implantation 
the connective tissue in the sutural area re laxes . This is shown 
by comparing the measurements of the specimens a few minutes 
after they have been cut free and after a 1/2 - 1-hour stay in the 
brain, or a 24-hour stay in Hank's solution. This relaxation is 
likely to cause a bending of the implant and thus give r i se to a 
decrease of its longitudinal distance, which was actually recorded. 
The histological sections of these specimens showed that the 
points of the bone-fragments (probably not entirely calcified) 
became curved and are bent towards the suture. Owing to their 
relaxation the fibre direction was slightly altered and the bone 
formation of the implants that stayed in the brain for 7 days took 
place in the new fibre direction. This has a cer tain influence on 
the morphology of the bone t issue. 

All implants examined showed a lower degree of overlapping 
compared with the normal sutural morphology. In some instances, 
the bone fragments were found to be situated end to end. This is 
accounted for by two factors. F i rs t , it was found that there was 
some variation in the morphology of the 4-day-old implants. The 
ones that were with regard to the post-conceptional age one or 
two days younger than the other ones showed no overlapping in the 
suture. These 4-day-old implants were in a developmental stage 
just pr ior to the formation of a fibrous connection between the 
bones. Second, an implant cut accidentally slightly more medially 
than normal might not show overlapping owing to the fact that the 
overlapping decreases towards bregma. 

F rom application of the vital staining technique interesting infor
mation was obtained regarding the separation of the parietal and 
frontal bone pieces during the period from the 4th to the 11th day 
of age. In a normal suture, a distinct separation occurs. In the 
implants that stayed in the brain for 7 days no separation has taken 
place. The position of the original bone pieces, stained with 
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tetracycline, is approximately thesameas in the4 -day-o ld control 
implants. In the animals subjected to sham operation, only a partial 
separation takes place. From these findings it may be concluded 
that the separation of the bones does not take place, or only partly, 
when the continuity of the sutural area with the r e s t of the skull 
(as in true implants) is broken. On the other hand, the overlap
ping is maintained. The lack of separation in the implant does not 
necessari ly indicate that the separation is due pr imari ly to envi
ronmental conditions. Indeed, the new environment may either 
be unable to bring forth the genetically determined feature, or 
prevent a further development in normal direction. 
Only the resul ts of the study reported by MOSS (1957) a re com
parable in some basic features with the resul ts of our own inves
tigations presented in this chapter. However, MOSS investigated 
intracerebral homologous implantation of small rectangles of 
sutural a reas removed f rom the coronal and some other sutures. 
An apparent disadvantage of the homologous implantation approach 
is the possibility of an immunological reaction. The duration of 
implantation in MOSS' experiment varied from 13 to 33 days. 
Fur thermore , the implants were placed in contact with the dura 
of the host skull. This position presents a chance for the induction 
of a secondary bone formation (URISTANDMcLEAN, 1952). MOSS 
suggests this possibility in his study. 
The position of the implant in relation to its adjacent tissue can 
also lead to unforeseeable mechanical interferences. 
In consideration of what has been stated above, an extensive d i s 
cussion of MOSS' resul ts will be omitted. Only a single remark 
will be made. In our opinion, the reported change in the morphol
ogy of the coronal suture from a bevelled type to an end-to-end 
type should be taken with r e se rve . 

In the period under investigation the bones of the cranial vault 
undergo proportional as well as morphological changes. The 
growth in the sutures is of overwhelming importance quantitatively. 
The sutural a rea may generally be considered to have a high 
growth potential, but environmental (probably mechanical) factors 
a re responsible for the detailed morphology. 
In order to get a c lea re r picture of the implications of the mecha
nical factors influencing the sutural growth, experiments were 
car r ied out, and a r e described in the next two chapters , in which 
the s t r e s s e s in the brain capsule were changed. 
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CHAPTER IV 

I N D U C T I O N O F M I C R O C E P H A L Y 

A. INTRODUCTORY 

The influence of the different mechanical factors working during 
the development and growth of the brain case has not been ade
quately studied in experiments focussed on this aspect. Therefore, 
the response of the bones to mechanical forces set up by the 
growth of the brain has only been approached in an indirect way or 
by speculation. This holds especially for the German l i terature 
of the beginning of this century. The autogenous implantation 
experiments described in the preceding chapter have shown that 
the bone growth in the sutural area may be assumed to be of great 
importance to the skull growth and to possess some degree of 
autonomy. It may be, therefore, that the mechanical influence of 
the brain on the bone growth is limited. 
The experiment presented in this chapter was designed to study 
the influence of retardation of brain growth on the sutural growth, 
especially on the growth of the coronal suture. 
The retardation of the growth of the brain was effected by cauter
izing the par t of the brain situated under the coronal suture and 
over the ventr icles . The cauterized area has no vital functions. 
The wound caused in the brain t issue is aseptic; extensive 
bleeding was prevented. 

B. EXPERIMENTAL DATA 

Various control experiments were carr ied out to provide a better 
interpretation of the resul ts . The experimental animals as well as 
the controls were selected at random within the l i t ter , and the 
litter size was reduced to 6 r a t s . In order to check the development 
of the experimentally produced microcephaly, all ra t s including 
the control animals were X-rayed at 4 days and 11 days of age 
(Chapter II (II-E)). The histological investigation was focussed on 
the coronal suture. An overall survey of the experimental data is 
presented in Table IV-1. 
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TABLE IV-1. Induction of microcephaly and control experiments. 

Group 

1 

2 

3 

4 

Type of 
experiment 

Induction of 
microcephaly 
(via parietal 
bone) 

Induction of 
microcephaly 
(via temporal 
bone) 

Unoperated 
controls 

Fictitious 
induction of 
microcephaly 

Main 
technique used 

Histology 

Vital staining 

Histology 

Histology 
Vital staining 
X-ray photog
raphy only 

Histology 

Number of ra ts 
at 4 days 

12 

12 

6 

6 
6 

6 

6 

at 11 days 

11 

11 

6 

5 
6 

6 

6 

1. The operation was carr ied out as described in Chapter II (II-B). 
24 Rats were used for the experiment. 2 Rats died through 
unknown causes before the end of the experimental period. Vital 
staining was administered to half of the group. 

2. In the operation on the animals of group 1 the brain was entered 
through the parietal bone. This implied that the fibrous capsule 
had to be cut through and the continuity interrupted. To study this 
effect, an alternative operation method was performed. 6 Rats were 
operated on through the temporal bone. The cauterized area and 
the further procedure were the same as described in Chapter II 
(II-B). All r a t s were used for histological study. 

3. A control group was formed of 18 ra t s on which no operation was 
performed. 1 Rat died through unkown causes before the end of 
the experimental period. 6 Of them received vital staining. Some 
of the animals served as a control group for the hydrocephalic 
experiments described in Chapter V. In addition, therefore, the 
intracisternal p ressure in the ra t s was measured subsequently 
to the X-raying process . 6 Rats of group 3 were X-rayed only. 

4. The fictitious induction of microcephaly was ca r r ied out fol
lowing the same procedure as for induction of microcephaly. 
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Flg. IV-1 - Drawings of a rat skull. 

Measurements taken from the X-ray photographs: 
1. The distance from the external limit of thefronto-nasal suture to the most anterior 

edge of the Interparietal bone. 
2. The distance from the external limit of the fronto-nasal suture to ophlsthlon. 
3. The distance of the external limit of the fronto-nasal suture to the endocranial 

posterior edge of the spenold bone. 
4. The distance from the endocranial posterior edge of the sphenoid bone to the most 

anterior edge of the interparietal bone. 
5. The distance between the Intersection of the frontal plane through the spheno

occipital synchondrosis and the lateral external surfaces of the calvarium. 
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through the parietal bone, but the current was not switched on. 
All 6 r a t s used were prepared for histological examination. 

С FINDINGS 

Externally the microcephalic ra t s did not show any abnormalities 
apar t from the cicatr ix on top of the head. 
The dissection of the brain showed'atrophy corresponding to the 
cauterized a r e a s , in which fluid was found. The size of the brain 
appeared to be smal ler than normal. No damage to the brain stem 
and the pituitary gland was detectable (Plate XI-c). 

M e a s u r e m e n t s f r o m X - r a y p h o t o g r a p h s 
Five measurements (Fig. IV-1) were obtained from the X-ray 
photographs made of 18 microcephalic r a t s and of 18 unoperated 
controls at 4 days and 11 days of age. The composition of the 
control group is described in Chapter V (V-C). The measuring 
method is described in Chapter II (II-E). Statistical calculations 
showed a. significant difference between the measurements taken 
from different l i t ters within the same category of animals. There
fore, when applying the analysis of variance and the Student's 
t-test the mean of each l i t ter was used. At 4 days of age, no 
significant difference was found between measurements obtained 
from the microcephalic ra t s and measurements from the control 
r a t s . All p-values were > 0.1 (Tables IV-2 and Г -4). As regards 
the increments of the distances in the case of microcephalic and 
control r a t s , no significant difference was found between the two 
categories (Tables IV-3, IV-4, and Г -5). 

TABLE IV-2. The mean distances and standard deviations incmof 
the 5 measured distances in the three categories at 4 days of age 
(cf. Fig. IV-1). 

Measurement 
number 

1 

2 

3 

4 

5 

Controls 
(C) 

χ s d x 

1.256 0.068 

1.626 0.027 

1.129 0.065 

0.712 0.030 

1.133 0.048 

M ic r oc ephal ic s 
(M) 

χ s d x 

1.239 0.033 

1.602 0.049 

1.111 0.048 

0.678 0.013 

1.104 0.033 

Hydrocephalics* 
(Η) 

χ s d x 

1.245 0.041 

1.602 0.039 

1.114 0.031 

0.690 0.024 

1.101 0.032 

χ: The average values of the three litter means of each category. 
ed x : The standard deviations. 

* For practical reasons measurements from hydrocephalics, which in fact are dealt 
with in Chapter V, have been included in this table and Tables IV-3, Г -4, IV-5. 
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TABLE Г -3. Mean increments and corresponding standard 
deviations of the 5 distances measured in the three categories 
from the 4th to the 11th day of age. 

Measurement 
number 

1 

2 

3 

4 

5 

Controls 
(C) 

ν s d v 

0.365 0.022 

0.434 0.047 

0.316 0.036 

0.179 0.022 

0.264 0.030 

Microcephalics 
(M) 

ν sdy 

0.328 0.025 

0.430 0.020 

0.332 0.016 

0.153 0.003 

0.246 0.021 

Hydrocephalics 

(H) 

ν s d v 

0.441 0.011 

0.403 0.059 

0.288 0.041 

0.338 0.033 

0.347 0.021 

v: The average values of the mean Incrementsof thethreellttersof each category, 
sd : The corresponding standard deviations. 

TABLE IV-4. Results of the analysis of variance obtained in 
comparison of the three categories. 

Measurement 
number 

1 

2 

3 

4 

5 

from r a t s 
4 days old 

X 

X 

X 

X 

X 

increment values 
from the 4th to the 11th day 

+ ρ < 0.005 

X 

X 

+ ρ < 0.005 

0 . 0 0 5 < p < 0.001 

χ: No significant difference between the categories p>0.1. 
+: Significant difference between the categories. 
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TABLE IV-5. Results of the Student's t-test obtained in comparison 
of the three categories. 

Measurement 
number 

1 

.2 

3 

4 * 

5 

C/M 

X 

-

-

X 

X 

C/H 

C < H 

-

-

C < H 

C < H 

H/M 

M < H 

-

-

M < H 

M < H 

x: No significant difference p>o. l . 
-: Not tested. 

* For measurement no. 4 the Welch test was used. 

M e a s u r i n g e r r o r 
The Kodak DF 45-occlusal Ultra-speed Dental X-ray film packet 
contains two photographic films, used to find the measuring e r r o r 
by double determination. 
Both X-ray photographs measured had reference to 4-day and 
11-day-old ra t s and the e r r o r of the measurements was calculated 
according to the formula \ / ^ d 2 

V 2n. 

TABLE IV-6. E r r o r s of the measurements in cm of the five 
distances recorded (Fig. Г -1). 

Measurement 
number 

1 

2 

3 

4 

5 

X-ray photographs 
of 4-day-old ra t s 

0.012 

0.020 

0.008 

0.015 

0.008 

X-ray photographs 
of 11-day-old r a t s 

0.011 

0.017 

0.010 

0.008 

0.012 

H i s t o l o g i c a l e x a m i n a t i o n 
Serial sections were made from the left coronal suture. The 
amount of bone removed along with the suture was determined 
by the demands of subsequent processing. 
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The histological picture of the unoperated controls (group 3) did 
not essentially show any deviation from the picture of the normal 
11-day-old suture, described in Chapter III (ІП-С) (Plate 6-a). 
The preparations from the microcephaly-induced animals (group 1) 
showed medially a higher degree of overlapping than the controls. 
Laterally the overlapping was smal ler than normal. The sutural 
area was fuller than in the controls. The distance between the two 
overlapping bones was larger and the bone edges were thicker 
than in the controls. There was a tendency for the diploic spaces 
to be isolated from the sutural area. The bone tissue in the 
sutural area was of a type intermediate between immature and 
mature lamellar bone. Mature lamellar bone tissue was seen on 
the surfaces of the bones. The fibres connecting the two bones 
had the same general direction as in the controls, with the 
restr ict ion that the inclination was not 10-20° but approx. 30° 
(Plate 6-b). 
In some animals the fibrous connection between the bones in the 
sutural a rea corresponding to the operation wound was disturbed. 
The distribution and type of cells were the same as in the controls. 

The preparations made from microcephalic ra t s operated on 
through the temporal bone (group 2) did not show any difference 
from the ones from group 1, except for the fact that the fibrous 
connection was well differentiated in all sections. 

The fictitious microcephalic induction (group 4) d idnotcreate any 
noticeable deviations from the picture derived from the control 
ra t s , with one exception. In a single preparation, a disorganization 
of the fibres in the sutural area was noticed. This was only the 
case in that area of the suture that corresponded to the operation 
wound. 

V i t a l s t a i n i n g 
The preparations cut on the freezing microtome from the vital-
stained specimens showed the same morphology of the sutural area 
as the histological preparations. There was no apparent difference 
in the corresponding distances from the tetracycline lines to the 
points of the bones between microcephalic ra t s and control ra t s . 
It should be realized that an estimation of comparable distances 
is difficult because of the indented edges of the parietal and frontal 
bones. The general impression was that the distance between the 
bones had increased vertically but had decreased horizontally. 
The latter was evident from the fact that the two ectocranial 
edges of the bones and the two endocranial edges of the bones 
were positioned closer to each other in microcephalic ra t s than 
in controls. The pattern of stained bone was the same for 
experimental as for control animals (Fig. IV-2). 
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DISCUSSION AND SUMMARY 

In clinical l i terature , instances of human hydranencephaly are 
described with a more or less normal development of the cranium 
(JOHNSON, WARNER, AND SMONDS, 1951). The brain case is 
filled with fluid. 
That means that the growing brain as such is nota necessity for 
the development of bone in the brain capsule. To conclude from 
the study of human microcephalic skulls that the brain determines 
the size of the calvarium, as does STADTMÜLLER (1949), is 
inacceptable because the cause-and-effect relationship, if there 
is any, cannot be analyzed in that way. 
There is one study in the l i terature by YOUNG (1959) that is to 
some extent comparable with the microcephalic experiments 
reported on here . However, YOUNG brought about the reduction 
of the intracranial content by aspiration. This is a serious and 
immediate trauma and leads to a collapse of the cerebral capsule. 
The operation technique used in this study avoids these undesira
ble effects. No serious trauma is caused. The cerebral capsule 
was only slightly affected and the cerebellum stayed intact. It was 
a successful attempt to cause microcephaly by reducing the rate 
of growth of the brain. Besides, this operation technique left 
sufficient brain t issue undamaged for a good survival percentage 
to be obtained. YOUNG's conclusions will be passed over because 
in our opinion they are not supported sufficiently by his exper i 
ments. 

The resul ts of measuring the X-ray photographs did not show any 
significant difference between the increase of the distances 
measured in microcephalic and control r a t s . With the material 
used, the induction of microcephaly did not show a marked 
influence on the enlargement of the cranial vault. 
The histological investigation showed a slightly deviating mor 
phology of the coronal sutural area in the microcephalic ra t s . 
Some change is due to the operation method, as described, but 
the increased overlapping in some par t s of the suture is probably 
due to the induction of microcephaly. The vital staining reveals 
that the apposition of bone at the bone edges is more or less the 
same in the microcephalic ra t s and in the controls. 
The most interesting resul t of this experiment is the change in 
sutural morphology and the indication that the growth potency has 
not been changed markedly. 
From the assumption that bone formation in the sutural a rea 
occasions p ressu re in the cranial vault and that sutural growth 
is largely autonomous, it may be concluded that the induction of 
microcephaly can only have a limited effect on the further bone 
growth. It may be assumed that the brain probably has a supporting 
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function only and has only a very limited influence, if any, on 
the growth potency of the suturai area, since only the morphology 
of the bone laid down was changed but as to the amount of bone 
laid down no change could be recorded. 
When the brain growth is retarded, the situation can with some 
reserve be compared to what happened when in ancient times a 
vault had been built over a pile of earth. The earth was dug out 
and the stones sank against each other until a new state of 
equilibrium had been reached, but now the weight of the stones 
was transformed into pressure in the vault. This comparison 
is not without challenge but it does explain the fibre direction 
and the fact that microcephaly seems to affect only the morpholo
gy of the sutural area. This hypothesis implies that tension 
cannot be a factor of importance in the normal growth of the skull. 
But it may be assumed that if tension instead of pressure is 
transmitted in the brain capsule, the direction of the fibres and 
the morphology of the bones can be changed. This was investigated 
in the experiment described in the next chapter. 

Fig. І -2 

Schematic drawing of the coronal sutural area of an 11-day-old: 

a. unoperated control rat. Cf. Chapter III (Ш-С, p. 26) 
b. microcephalic rat. Cf. Chapter IV (І -С. p. 39) 
с hydrocephalic rat. Cf. Chapter V (V-C, p. 48) 
The course of the tetracycline lines is indicated with black lines in the parietal 
bones only. 
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CHAPTERV 

I N D U C T I O N O F H Y D R O C E P H A L Y 

A. INTRODUCTORY 

The influence of mechanical factors on the sutural growth would 
not have been studied sufficiently if the effect of tension was not 
investigated. 
It is a generally accepted idea that an increase in cranial contents 
will guide the growth of the calvarium, but few experiments have 
been done in order to explain how and why this may occur. 
Hydrocephaly induced in an animal resul ts in an increase of the 
cranial contents, and a creation of tension in the brain capsule 
may be expected. 
Hydrocephaly can be induced by injection of kaolin (Chapter II 
(II-B). For a proper understanding of the creation of hydro
cephaly, a basic knowledge of the circulation of the ce rebro
spinal fluid is desirable. The cerebro-spinal fluid is formed by the 
choroid plexuses and re turns to the vascular system mainly 
through the arachnoid granulation. The kaolin causes a blockage 
of the arachnoid villi (FARRIS AND GRIFFITH, 1949). 
This obstruction in the circulation causes a re t rograde dilation 
of the system to the lateral ventricles. The ventricular dilation 
and subsequent thinning of the cerebral substance does not affect 
the basal ganglia seriously (RUSSELL, 1949). 
The internal communicating hydrocephaly that is induced in this 
way (FARRIS AND GRIFFITH, 1949) is theoretically due to an 
excess of cerebro-spinal fluid within the ventr icles. 

B. EXPERIMENTAL DATA 

On the basis of initial findings it was considered of interest to 
study the effect of hydrocephaly on the coronal suture when a more 
extensive fibrous connection is formed between the frontal and 
the parietal bone. 
Therefore, side by side with a group of ra t s with induced hydro
cephaly followed from the 4th to the 11th day of age, older stages 
were studied under comparable conditions. 
The li t ter s izes were reduced to 6 ra t s by random selection. The 
histological investigation was concentrated on the coronal suture. 
Table V - l presents an overall survey of the experimental data. 
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TABLE V - l . Induction of hydrocephaly and control experiments. 

Group 

1 

2 

3 

4 

5 

6 

Type of 
experiment 

Hydrocephaly 

Hydrocephaly 

Unoperated 
controls 

Unoperated 
controls 

Hydrocephaly 

Hydrocephaly 

Main 
technique used 

Histology 
Vital staining 

X-ray photog
raphy, p ressure 
measurements 
at the 18th day 

Histology 
Vital staining 
X-ray photog
raphy only 

X-ray photog
raphy, p ressure 
measurements 
at the 18th day 

Histology 

Histology 

Number of r a t s at 
4 days 

18 
18 

18 

6 
6 

6 

6 

7 days 

6 

11 days 

6 

11 days 

16* 
17* 

18 

5* 
6* 

6* 

6 

11 days 

3 

14 days 

3 

18 days 

14 

6 

14 days 

3 

18 days 

3 

* Pressure measurements at 11 days of age. 

1. The operation procedure is described in Chapter II (II-B). All the 
animals were X-rayed at 4 and 11 days of age. 6 Rats of this group 
were also X-rayed at 7 days of age. Subsequently to the X-raying 
process at 11 days of age, the intrac is ternal p res su re was 
measured as described in Chapter II (II-E). 3 Animals died 
before the end of the experimental period. Vital staining was 
administered to half of the group. 

2. P re s su re measurements were car r ied out on 3 groups of hydro
cephalic r a t s at 18 days of age. 4 Animals died before the end 
of the experimental period. (The injection of kaolin was given at 
4 days of age). This group was X-rayed at 4, 11, and 18 days of age. 
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3. The same animals were used as the ones that served for the un
operated control group in the microcephaly experiments. The 
intracisternal pres sure was measured at 11 days of age sub
sequently to the X-raying process . 

4. A control group was formed of 6 unoperated r a t s . These r a t s were 
X-rayed at 4, 11, and 18 days of age. The intracisternal p r e s s u r e 
was measured at 18 days of age subsequently to the X-raying 
process . 

5. To 6 r a t s the injections with kaolin were given at 7 days of age. 
3 Animals were sacrificed after 4 days, at 11 days of age. The 
remaining 3 ra t s were sacrificed at 14 days of age. No X-ray 
photographs were made and no p r e s s u r e measurements were 
c a r r i e d out. 

6. Hydrocephaly was induced in 6 r a t s at 11 days of age. 3 Animals 
were sacrificed after 3 days, at 14 days of age ; the remaining 
ones at 18 days of age. As in group 5, no X-ray photographs were 
made and no p r e s s u r e measurements were car r ied out. 

С FINDINGS 

Clinically, the hydrocephalic r a t s showed spherical heads and 
hyperactive reflexes. 
All brains were dissected as a check for the achievement of 
hydrocephaly. The ventricles were found to be dilated and the 
hemispheres were sqeezed against the brain capsule. The operation 
proved to have been successful in 95% of the ra t s examined. (Plate 
Xl-e). 

M e a s u r e m e n t s f r o m X - r a y p h o t o g r a p h s 
Five measurements (Fig. IV-1) were taken from X-ray photo
graphs of 18 hydrocephalic ra t s X-rayed at 4 days and at 11 days 
of age. (The procedure is described in Chapter II). These 
measurements were compared with the measurements obtained 
from the microcephalic ra t s (IV-C) and from the unoperated 
control animals. The control group of 18 animals contained the 
6 r a t s from group 4. 
F o r the reason described in Chapter IV (IV-C) the mean of each 
l i t ter was used when applying the analysis of variance and the 
Student's t-test . At 4 days of age no significant difference was 
found between measurements obtained from the three categories 
(Tables IV-2 and IV-4). All p - v a l u e s > 0 . 1 . 
The mean increments of the 5 distances from the 4th to the 11th 
day of age and the corresponding standard deviations can be read 
from Table IV-3. 

44 



The distance (1) from the external limitof the fronto-nasal suture 
to the most anterior edge of the interparietal bone was significantly 
greater in the hydrocephalic rats than in the microcephalic and 
the control rats (Table IV-5). 
The distances (2) and (3) from the external limit of the fronto
nasal suture to opisthion and to the endocranial posterior edge 
of the sphenoid bone did not show any significant difference 
between the three categories. This was tested only by means 
of the analysis of variance (Table IV-4). 
The height (4) measured between the endocranial posterior edge 
of the sphenoid bone and the most anterior edge of the inter
parietal bone was significantly greater in the hydrocephalic rats 
than in the microcephalic and the control rats. 
Further, the width (5) measured between the intersection of the 
frontal plane through the spheno-occipital synchondrosis and the 
lateral external surfaces of the calvarium was also significantly 
greater in the hydrocephalic rats than in the microcephalic 
and the control rats (Table IV-5). 

M e a s u r e m e n t s of i n t r a c i s t e r n a l p r e s s u r e 
The method is described in Chapter II (II-E) Fig. V-l. The 
registration of the pressure in the hydrocephalic rats was difficult 
and sometimes impossible because of deformation of the head of 
the rat. Therefore, the number of the pressure measurements 
will sometimes differ from the number of animals. 
From Table V-2, the mean pressures and the results of the 
Wilcoxon test can be read. 

TABLE V-2. The results of the Wilcoxon test from the intra
cisternal pressure measurements. 

Group 

1 

2 

3 

4 

Type of experiment 

Hydrocephalics at 11 days 

Hydrocephalics at 18 days 

Unoperated controls 
at 11 days 

Unoperated controls 
at 18 days 

η 

24 

9 

11 

6 

X 

6.9 

12.3 

5.4 

4.8 

p-values of 
Wilcoxon test 

; 

- 0.05 

- 0.48 

- 0.0004 

- 0.0004 

n: number of rats. 
X: mean pressure in mm Hg. 

The extreme ends of a brace indicate the two groups being compared. 
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Illustration of the mean increments (grams) in total body weights from the 4th to the 
11th day of age of experimental and control groups with a 95 per cent confidence level. 
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The intracisternal p ressure in the 11-day-old hydrocephalic r a t s 
was significantly higher than the p ressure in the 11-day-old con
trol ra t s . The p ressure in the 18-day-old hydrocephalic r a t s 
was significantly higher than the p ressu re in the 18-day-old 
control r a t s . 
F rom a comparison between the two groups of hydrocephalic 
animals it was found that the p ressu re was significantly higher 
in the 18-day-old than in the 11-day-old hydrocephalic r a t s . In 
comparing the two control groups no demonstrable difference 
could be found. 

I n c r e a s e in t o t a l b o d y w e i g h t s 
For the sake of completeness, the increase in total body weights 
for the experiments described so far will be briefly discussed 
(Fig. V-2). 

The figures were f irs t examined for possible differences in 
increase in total body weight between animals within the same 
category with and without vital staining. The mean of each li t ter 
was used when applying the analysis of variance and the Student's 
t - tes t (Chapter IV (IV-C)). No significant difference was found. 
Therefore, all l i t ters of a category were dealt with indiscr imi
nately. 
The experimental categories were compared with the c o r r e 
sponding control groups. The Student's t - tes t was applied. No 
significant differences were found. 

H i s t o l o g i c a l e x a m i n a t i o n 
Serial sections were made from the left coronal suture. The p r e 
parations had larger dimensions than those made from the 
microcephalic r a t s . 
The preparations from the hydrocephaly-induced animals (group 1) 
showed a lower degree of overlapping than the corresponding 
preparations from the controls. In a number of instances no 
overlapping at all was observed. The sutural a rea was stretched 
and the vert ical dimension was as a rule smaller than in the 
control r a t s (Plate VI-c). 
The bone edges were thinner than in the controls. The bone tissue 
was of a trabecular type and of ra ther immature appearance. 
The direction of the fibres of the connective tissue in the suture 
was nearly horizontal. 
The fibres ran without interruption through the suture, as is the 
case in a 1-day-old normal suture. The distribution and type of 
cells were the same as in the controls. 
The fibroblasts were oriented parallel to the direction of the f ibres. 
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The concentration of cells was greater than normal, but this 
might be a resul t of the stretching of the suture. The concentration 
of osteoblasts on the bone surfaces and in the marrow spaces was 
in some specimens higher than normal. 

On dissection, the ra t s which had received the injection of kaolin 
at 7 days (group 5) and at 11 days of age (group 6) showed hydro
cephaly. Most sutural a reas examined histologically from this 
material seemed merely to have been compressed, the vertical 
dimension being smaller than in the controls. 
F r o m two specimens (one animal hydrocephaly-induced at 7 days 
and sacrificed at 14 days of age, and one animal hydrocephaly-
induced at 11 days and sacrificed at 15 days of age) sections 
were oblained that happened to show a part icular phase in the 
change in orientation of the fibres. The direction of the fibres 
connecting the two overlapping bones was changed by approxi
mately 150° (Plate Vll-a, b). 

V i t a l s t a i n i n g 
The preparations from the animals with vital stains showed the 
same morphology of the sutural area as the histological p repara 
tions. As stated before, the bones were usually thinner than in the 
control r a t s . The distance from the tetracycline lines to the points 
of the bones was greater in hydrocephalic than in control ra t s . 
The apposition on the dural surface of the bones seemed to be 
smal ler than in the control r a t s ; but the pattern of stained bone 
was essentially the same for both categories (Fig. IV-2). 

D. DISCUSSION AND SUMMARY 

Hydrocephaly in man may be fatal. It sometimes develops rapidly, 
and sufficient drainage is difficult to effect. 
In this experiment the development is demonstrated in the rat . 
As early as 3 days after injection the character is t ic spherical 
shape of the brain case is clearly visible in an X-ray photograph. 
At the 11th day of age, the increase in height and width of the brain 
case was significantly greater in the hydrocephalic r a t s than in 
the control r a t s . As for the microcephalic r a t s , no significant 
difference was found in the increase of the cranial base length 
between hydrocephalics and controls. 
In both cases the cranial base seems not to be affected in a 
noticeable degree. It may be pointed out here that with the 
cephalostat used, only the total measuring e r r o r is of any im
portance (JEFFERYS, 1968). 
At 11 days of age, the recorded intracisternal pressure in the 
hydrocephalic ra ts is higher -bu t only slightly h igher - than in 
the control r a t s . The brain tissue and the brain case have given 
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way. Therefore, it may be assumed that no serious nourishment 
problems for the bone tissue existed. This is more likely to be 
a problem at 18 days of age, when the pressure has increased 
considerably. 
The histological picture presented here confirms very well the 
one given by YOUNG (1959). 
The lack of overlapping, the horizontally oriented fibres in the 
sutural a rea and the stretched appearance of the tissue indicate 
that the brain capsule in hydrocephalic r a t s in contrast to the 
normal situation t ransmits tension instead of p ressure . 
From the vital staining it can be seen that the thin appearance of 
the bones is pr imari ly due to less apposition of bone on the endo-
cranial surface. The original tetracycline-stained bone can be 
located but at a much larger distance from the sutural area than 
normal. The change in morphology in this case is due to the 
tensile forces which induce a change in the bone apposition. No
thing definite can be said about resorption except that a compa
rable remodelling pattern can be demonstrated in the hydrocephalic 
and in the control r a t s . 
Hydrocephaly induced at 4 days of age, when the fibrous connection 
between the bones has just been established, is bound to bring 
about different changes from those effected when hydrocephaly 
is induced at a later age. It was thought that by creating hydro
cephaly at a stage when well-organized fibres are established in 
the sutures , a change in direction of the fibres might be effected. 
This was demonstrated in the experiment. That means that when 
tension is transmitted in the brain capsule, the fibres are directed 
accordingly. This is indirectly an indication that under normal 
conditions tension is not transmitted in the brain capsule, 
because the fibres normally run under an opposite inclination. 
It may be summarized from the three foregoing experiments that 
the sutural t issue has a certain autonomy and that not likely the 
growth potency but certainly the morphology can be influenced 
by mechanical factors. It may be assumed that the mechanical 
forces have in a tolerable degree been kept within the limits of 
the biological power of resis tance of the rat . 
The postulation that the growth potency has not been affected by 
the experiments is based on the following observations. In micro
cephalic r a t s , the bones overlap more than normal, or they 
become thicker than normal, and the sutural area was fuller. 
This has led to the assumption that induction of microcephaly 
only influences the morphology and probably not the amount of 
bone laid down. The same holds for induction of hydrocephaly. 
In hydrocephalic r a t s the bones turn out to be thinner but cover a 
larger area. Subsidiary experiments, in which technical details 
were kept the same as in the two preceding experiments, were 
devised to examine some quantitative aspects of the induction 
of microcephaly and hydrocephaly. 
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CHAPTER VI 

T H E E F F E C T O F I N D U C T I O N O F M I C R O C E P H A L Y 
AND H Y D R O C E P H A L Y ON T H E WE I G H T S O F S K U L L 
B O N E S 

A. INTRODUCTIOFY 

Several interpretations can be givenof the processes observed in 
the sutural t issues and the accompanying bone growth in cases of 
induction of microcephaly and hydrocephaly described in the two 
preceding chapters . 
As has been demonstrated clearly, the morphology changes both 
on Üie macroscopic and on the microscopic level. 
With regard to the quantitative aspects of the growth of bone, no 
conclusions could be drawn. It seemed to be of interest to take a 
c loser look at the net resul t of the total bone apposition and 
resorption over the experimental period. 

For that purpose, an investigation into the effect of the induction 
of mic ro - and hydrocephaly on the weights of the skull bones was 
car r ied out. It was expected that this experiment would offer some 
general information on the net resul t of bone apposition and 
resorption in the three categories. 

B. EXPERIMENTAL DATA 

Three groups of ra t s were formed and treated as described in the 
relevant Chapters II, IV and V. 
All the ra t s were injected with alizarin red S intraperitoneally 
at 4 days of age. This was done in order to obtain a macroscopic 
representation of the growth of the bones in the experimental 
period. All the animals were decapitated at the 11th day of age. 
Table VI-1 presents an overall survey of the groups. 
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TABLE VI-1. Induction of micro- and hydrocephaly and control 
experiments for the study of skull bones. 

Group 

1 

2 

3 

Type of experiment 

Microcephalics 

Hydrocephalics 

Controls 

Number of ra t s 
at 4 days 

12 

12 

18 

at 11 days 

9 

12 

14 

1. Three ra t s died before the end of the experimental period. 
2. One skull was damaged by the preparation process . 
3. Four animals died before the end of the experimental period. 
One skull was damaged by the preparation process . 

The calvaría were processed as described in Chapter II (II-E). 
The two parietal bones and the one interparietal bone from each 
r a t were weighed both successively and collectively. 

C. FINDINGS 

W e i g h i n g of s k u l l b o n e s 
The weights obtained from the undamaged bones of the different 
groups were processed statistically, using the analysis of variance. 
The weighing of the interparietal bone and of the two parietal 
bones as well as the weighing of the interparietal and parietal 
bones collectively showed no significant difference between con
t ro ls , microcephalics, and hydrocephalics. This was analysed by 
subjecting the most deviating means to the Student's t- test; no 
significant difference was found (p>0.6). 
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TABLE VI-2. The number (η), means (χ), and standard deviations 
(sdx) of the weights in grams of skull bones from microcephalic, 
hydrocephalic, and control rats. 

Bones 

Inter

parietal 

2x 

Parieta l 

Inter

parietal 

~ix parietal 

Group 

1 (M) 

2 (H) 

3 (C) 

1 (M) 

2 (H) 

3 (C) 

1 (M) 

2 (H) 

3 (C) 

η 

7 

11 

13 

7 

11 

13 

7 

11 

13 

x x IO 5 

501 

570 

538 

1271 

1240 

1275 

1766 

1804 

1808 

βαχ χ IO 5 

82 

68 

49 

190 

167 

138 

270 

228 

187 

M a c r o s c o p i c i n v e s t i g a t i o n 
All .cleaned and dried bones from the control and experimental 
rat skulls showed a border of colourless bone along the periph
ery (Plate XI, b, d, f). The area enclosed by this border is of a 
light red colour. A detailed description of the parietal bone will 
suffice here. 
Each single parietal bone from the control rats showed the same 
variation in width of the colourless border at the different sides. 
The posterior border was invariably the broadest, the medial 
one the narrowest, the anterior one somewhere inbetween. 
In contrast to the other borders, the lateral one invariably showed 
an irregular appearance and was, hence, not well comparable 
in width. 

Most of the parietal bones from the microcephalic rats showed 
an overall narrower border of colourless bone, but individually 
with the same variation in width as the corresponding bones from 
the control rats. 
In the middle of the parietal bone, the place where the incision for 
the operation had been made was still visible and was surrounded 
with colourless bone. The parietal bones of the microcephalic rats 
were considerably thicker than the ones of the controls. This was 
the case in the centre as well as on the borders. 

As stated above, the parietal bones derived f rom the hydrocephalic 
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r a t s showed a colourless border along the periphery. The borders 
were in all cases la rger than the comparable ones of the control 
r a t s . But in contrast to the findings in the parietal bones from 
the microcephalic and the control r a t s , the bones from the hydro
cephalic ra t s did not show a variation in width of the colourless 
border at the medial, anterior , and poster ior sides. On the other 
hand, the lateral border showed the same kind of irregulari ty. The 
hydrocephalic parietal bones were thinner than the ones from the 
control r a t s . This was particularly true of the colourless border. 

On parietal bones from the 3 groups studied, a narrow zone with 
a deeper red colour than the res t of the bone was noticeable on 
the endocranial surface. This zone, present all around, was 
situated just inside the colourless border of bone. The outer line 
of the deep red zone formed the internal boundary mark of the 
colourless border . 

D. DISCUSSION AND SUMMARY 

In weighing the interparietal bone and the two parietal bones as 
well as the interparietal and parietal bones collectively, no 
difference between control, microcephalic, and hydrocephalic 
r a t s could be found. Studying in detail the results listed in Table 
VI-2, the impression is gained that thedatafrom the three groups 
could very well have been derived from the same population. 
The bones from the microcephalic ra t s were thicker than those 
from the controls and their circumference was smaller . The 
reverse was found in the hydrocephalic material . 
The administration of alizarin red S at the 4th day of age made it 
possible to distinguish the newly-formed bone from that present 
at the s t a r t of the experiment. 
Thus, the border of colourless bone along the periphery could be 
regarded as an expression of the amount of bone laid down during 
the experimental period. However, the smal ler border in the 
parietal bones from the microcephalic ra t s does not necessari ly 
indicate that less bone has been laid down in this area , since the 
border of the bone is comparatively thicker. 
On the same grounds it cannot be said that the broader colourless 
border of the parietal bone from hydrocephalic r a t s indicates 
that more bone has been laid down, since here the border was 
thinner than normal. 
The fact that the border of colourless bone has the same width at 
the medial, anterior , and posterior side in hydrocephalic r a t s is 
an indication that (as could be expected) when tension is t r ans 
mitted in the brain capsule, differential growth does not take place. 
Under these circumstances the growth can be regarded as com-
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pensatory, filling up the inter-osseous space produced by the 
expanding cranial contents. 
The narrow zone of deeper-red coloured bone indicates either 
a zone where no bone apposition or resorption took place in the 
period under investigation or a zone of resorptive activity. On the 
grounds of findings in the vital-stained sections presented in 
Chapters III, IV, and V the first possibility may be ruled out. On 
the r e s t of the endocranial surface, uncoloured bone has been 
laid down (on top of the initially deep-red coloured bone) since 
the injection of alizarin red S, and this has faded the colour of 
the r e s t of the bone. 

It is questionable in how far a change in the morphology of the 
sutural area observed during the described experiments is 
associated with a change in the amount of bone being laid down 
and resorbed. 
Assuming that the net result of bone growth in the three categories 
is the same, two alternative explanations can be given: 
(1) The quantities of bone laid down a re the same. Then, this 

will also be the case with the amounts of bone resorbed. 
(2) The quantities of bone laid down are different but a re com

pensated by a matched variation in the amounts of bone 
resorbed. 
In that case the apposition and resorption of bone are effected 
in an interdependently deviating way. 

On similar lines a difference in the net result of bone growth 
may be explained: 
(3) The apposition and resorption of bone are effected in the 

same degree. An intensification of both processes will lead 
to increased bone growth. This is based on the fact that in 
normal skull bones more bone is laid down than resorbed in 
the period studied. A decrease in activity of the two processes 
will reduce bone growth. 

(4) The ratio between bone apposition and resorption is changed. 
Except in a situation as outlined in (2), this will inevitably 
lead to either a decrease or an increase in bone growth, de
pending on the change in ratio and the activity ra te . 

In considering the hypotheses presented above, other factors 
have to be borne in mind, particularly the individual biological 
variation. 

On the above grounds, it was felt to be of interest to obtain more 
information regarding the processes of bone apposition and r e 
sorption. It was thought that a possible decrease or increase in 
bone apposition coincident with the induction of micro- and hydro
cephaly would necessari ly be caused by a preceding decrease in 
mitotic activity of the bone-forming cel ls or their p recursors . 
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On the basis of present-day knowledge, a quantitative study of 
bone resorption is, unfortunately, not possible. Therefore, the 
next chapter had to be limited to the study of bone apposition. 
Nevertheless, the study of bone apposition alone is thought to 
yield some valuable information regarding the problem being 
discussed. 



CHAPTER VII 

T H E E F F E C T O F I N D U C T I O N O F M I C R O C E P H A L Y 
AND H Y D R O C E P H A L Y ON T H E M I T O T 1С AC Τ I V I T Y 
IN T H E C O R O N A L S U T U R E 

A. INTRODUCTORY 

The study of the effect of induction of microcephaly and hydro
cephaly on cell proliferation in the suturai area could give 
information about the question whether the intensity of bone 
apposition under these conditions is different from normal. 
To study cell proliferation, trit iated thymidine can be used. 
Tritiated thymidine is incorporated into the nuclear D.N.A. of the 
cel ls in the duplication stage preceding mitosis (KEMBER, 1960; 
MESSIER AND LEBLOND, 1960; YOUNG, 1962). 
Tritiated thymidine produces (3-rays of low energy (KAMEN, 1951), 
which resul ts in the desired autoradiographic resolution. How
ever, the sections have to be thin for that purpose, and intimate 
contact between the photographic emulsion and the section has 
to be established. An additional advantage of the trit iated thymi
dine is that the labelling process is very fast (HUGHES ET AL, 
1958), with a total plasma clearance occurring after 60 minutes 
(MESSIER AND LEBLOND, 1960). 

The use of trit iated thymidine provides an identification of the 
site and a rough estimation of the rates of cell proliferation. It is 
also possible to follow the fate of labelled cells. 
In this study, trit iated thymidine has, as usual,been employed for 
the identification and estimation of cell proliferation. 

B. EXPERIMENTAL DATA 

The operative procedure and dosage of trit iated thymidine are 
described in Chapter II (II-B, II-D). 
The number of animals used is presented in Table VII-1. 
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TABLE VII-1. Microcephaly- and hydrocephaly-induced r a t s and 
control r a t s injected with tritiated thymidine. 

Group 

1 

2 

3 

4 

Type of experiment 

Microcephalics 

Hydrocephalics 

Controls 

Controls 

Number of ra t s 
at 4 days 

6 

6 

6 

3 

at 11 days 

6 

6 

6 

Originally, three groups were formed by random selection, each 
group containing seven 4-day-old r a t s . One group had been 
induced with microcephaly, the second with hydrocephaly, and the 
third served as control. 
F r o m each group, one r a t was injected with tritiated thymidine 
immediately after operation. These 3 r a t s were sacrificed 2 hours 
la ter and used as controls (group 4). 
The remaining 18 ra t s were injected with trit iated thymidine at 
the 11th day, at the same hour of the day as the three 4-day-old 
controls. The 18 r a t s , too, were sacrificed 2 hours after injection 
with trit iated thymidine. The material was processed as described 
in Chapter II (II-D). 
The material was used for quantitative studies in two ways: (1) 
Calculation of radioactivity index (% of labelled cells); (2) scin
tillation counting. The procedures a r e described in Chapter II 
(II-E). A histological qualitative study was performed from 
autoradiographs of the coronal suture. 

С FINDINGS 

R a d i o a c t i v i t y i n d e x 
Each mean in Table VII-2 represents counts of at least 6 sections 
from at least 2 different r a t s . 
The counting was performed on sections comparable in location. 
Only well-developed autoradiographs were used and only cel l s 
with more than 5 grains were recorded. 
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TABLE VII-2. Results of Wilcoxon test obtained by comparison 
of the radioactivity indices from the different categories, except 
for the 4-day-old control r a t s . 

Group 

1 

2 

3 

4 

Type of experiment 

Microcephalics at 11 days 

Hydrocephalics at 11 days 

Controls at 11 days 

Controls at 4 days 
(rat number 12) 

Controls at 4 days 
(rat number 24) 

Controls at 4 days 
(rat number 12, 24) 

η 

6 

6 

7 

3 

3 

6 

X 

6.1 

5.4 

4.7 

17.4 

10.6 

14 

p-values of Wilcoxon tesi 

-

j 

-0.37 

-0.02 

-0.18 

Ί 

-0.07 

-

-0.005 

n: number of sections 

x: mean radioactivity index (% of labelled cells) 
The extreme ends of a brace indicate the two groups being compared. 

The calculated radioactivity index of the 11-day-old control r a t s 
was significantly lower than that of the 4-day-old control ra t s 
(p= 0.005). It should, however, be realized that as far as the 4-day-
old ra t s a re concerned, the radioactivity index from r a t no. 12 
differs from that made from r a t no. 24. For that reason, the 
indices of the no. 12 and no. 24 r a t s were in addition compared 
with the indices of 11-day-old controls; no appreciable differences 
between the preparations were found. A marked difference between 
4-day-old and 11-day-old ra t s is then demonstrable only with 
respect to preparat ion no. 12. 
No significant difference was found between the radioactivity indi
c e s of 11-day-old microcephalic and control ra t s and between the 
radioactivity indices of 11-day-old hydrocephalic and control r a t s . 

L i q u i d s c i n t i l l a t i o n c o u n t i n g 
The liquid scintillation counting covered all the animals in the 
experiment, except the three 4-day-old animals, as well as two 
controls not injected with thymidine. The activity was found to be 
r a t h e r small within the liquid scintillation spectrometer. 
F o r that reason the counting was extended over 50 minutes, and 
from the resul ts thereby obtained the customarily used counts 
per minute were calculated (Table VII-3). 
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TABLE VII-3. Liquid scintillation counting in terms of counts 
per minute for each rat in each group. 

Microcephalics 
at 11 days 

130 cpm 

131 -

133 -

137 -

138 -

138 -

Hydrocephalics 
at 11 days 

109 cpm 

114 -

120 -

121 -

126 -

145 -

Controls 
at 11 days 

125 cpm 

125 -

128 -

129 -

138 -

143 -

cpm: counts per minute 

No significant difference was found between the counts from either 
microcephalic and control rats or hydrocephalic and control rats. 
The data were subjected to the Wilcoxon test. 

TABLE VII-4. Results of Wilcoxon test obtained by comparison 
of the counts per minute from the three categories. 

Group 

1 

2 

3 

Type of experiment 

Microcephalics 

Hydrocephalics 

Controls 

η 

6 

6 

6 

X 

134.5 

122.5 

131.5 

p-values of Wilcoxon test 

-0.31 η 

J-0.11 

n: number of rats 
x: mean of cpm (see Table VII-3) 

The extreme ends of a brace indicate the two groups being compared. 

H i s t o l o g i c a l i n v e s t i g a t i o n 
Morphologically, the preparations presented the familiar picture. 
All auto-radiographs were found to have some features in common. 
Very few labelled osteoblasts were observed. The cells that 
showed the highest proportion of labelling were undifferentiated 
mesenchymal cells or preosteoblasts. The labelled cells were 
concentrated around the points of the bones, outside the osteoblast 
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layer. Between the overlapping bones a few labelled cells were 
consistently found. (Plates ΧΠ, XIII). 

D. DISCUSSION AND SUMMARY 

Although tritiated thymidine has been used only in recent years , 
much has been written on this matter but only little information 
has a bearing on the present subject. 
The counting of the labelled cells showed a marked difference in 
the percentage labelling between 4-day-old and 11-day-oldcontrol 
r a t s . The percentage of labelled cells in 4-day-old control ra t s 
was twice that in 11-day-old control r a t s . This indicates that the 
cell proliferation decreases from the 4th to the 11th day of age. 
The radioactivity index at 11 days from the three categories was 
not significantly different. Nor could any difference be found in 
the labelling of microcephalic, hydrocephalic, and control ra t s 
at 11 days measured by liquid scintillation counting. Both findings 
indicate that there was no noticeable difference in mitotic activity 
between the three categories at 11 days of age in the area 
examined. 

However, it must be remarked that a comparable degree of cell 
proliferation does not indicate in all cases an equal degree of 
bone formation. The transformation from preosteoblasts into 
osteoblasts with their specific functions is a process of dif
ferentiation. During cell differentiation a D.N.A. reduplication is 
not to be expected. Therefore, from the pool of undifferentiated 
preosteoblasts or mesenchyme cells a greater number of osteo
blasts may temporarily develop without a higher degree of 
trit iated thymidine incorporation. 

The fact that in the hydrocephalic r a t s the preosteoblasts did 
not exhibit a higher labelling than in the control ra t s indicates 
that the cell proliferation not markedly increased when tension 
was exerted in the brain capsule. If in the hydrocephalic r a t s a 
greater, amount of bone was laid down than in the control r a t s , this 
probable has been caused by a higher rate of differentiation than 
normal. The opposite can be said of the microcephalic r a t s . 
This assumption is supported by the histology of the bone s t ruc
ture investigated. It was noticed that a different type of bone 
was formed in the three categories. The bone in the hydrocephalic 
r a t s was more spongy than the one in the controls, and the bone 
in the microcephalic r a t s more compact than the one in the control 
r a t s . 

The types of bone tissue observed in microcephalic and hydro
cephalic ra t s a r e by no means comparable with the types of bone 
tissue character i s t ic of diseases or anomalies such as Paget ' s 
d isease, acromegaly, or Thalassemia major. The histology as 
well as the etiology of the latter a r e completely different. 
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Fur thermore , in cases of microcephaly and hydrocephaly, the 
changes that take place must be considered to be caused by local 
functional factors, which is not true of the above-mentioned 
diseases or anomalies. 

The mitotic activity in the sutural a rea revealed by labelled cel ls 
took place in the cambial layer, along the outer anterior edge of 
the parietal bone and the inner posterior edge of the frontal bone. 
Here, the mitotic activity was more marked than in the cambial 
layers of the periosteum and dura on the non-sutural surfaces of 
the bones. 
The labelled cells found between the opposite sutural surfaces 
have probably nothing to do with the bone growth but a r e involved 
in the renewal and growth of the connective t issues. 
The fact that the mitotic activity is greater in the suture accent
uates the importance of the sutural a r eas as si tes of growth. 
WEINMANN AND SICHER (1955) stated that in the suture the middle 
layer of loose cellular connective t issues is the place for cell 
proliferation. This is not true of the coronal suture. Here, the 
important activity takes place in the cambial layer, which com
bines with the osteoblasts layer on the bone surface to form the 
"fibrous layer" described by WEINMANN AND SICHER (1955). 

Summarizing, it may be said that by induction of mic ro - and 
hydrocephaly the pattern of bone apposition and the type of bone 
laid down but not the absolute amount of bone is likely to be 
affected. 
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CHAPTER Vili 

G E N E R A L D I S C U S S I O N 

In this chapter, three aspects dealt with in previous chapters 
will receive special attention. 
F i r s t , attention will be paid to how the growth takes place and 
what must be considered the chief responsible factor in the growth 
of the cranial vault. 
Second, the process of change in form of the individual cranial 
bones will be discussed. 
Third, the introduced concept of the "architectural cranial vault 
s t ruc tu re" will be dealt with. 

The growth of the cranial vault is generally considered to be 
intimately connected with the growth of the brain. 
MIJSBERG (1932) and BRASH (1934) came to the conclusion that 
the growth of the cranium had to be attributed primari ly to 
apposition of bone on the ectocranial and resorption of bone on 
the endocranial surface of the skull. 
MASSLER AND SCHOUR (1951) and BAER (1954), on the contrary, 
expressed the view that it is the sutural growth that contributes 
most to the enlargement of the skull. WEINMANN AND SICHER 
(1955) hold the same opinion. They in addition stated that the 
suture is responsible for the overall growth of the cranium and 
that the growth is caused by the profileration of the loose cellular 
connective t issue in the middle layer of the suture. They regard 
the growth process in sutures as autonomous and the influence of 
extrinsic factors of minor importance. 
According to MOSS (1956, 1960, 1962), the growth of bone and 
maintenance of skeletal size and shape depends pr imari ly on the 
functional state of related soft t i ssues , for which he introduced 
the concept of the "functional matr ix" . He states that owing to 
the expansion of the neural mass the bones in the membranous 
brain capsule a r e passively car r ied outwards and away from one 
another. In reaction to this, secondary - compensatory - growth 
must take place in the sutures in order to maintain the continuity. 
The resul ts of the experiments presented in this thesis may be 
considered adequate proof for the fact that - for the animal and 
the period studied- the enlargement of the cranial vault is caused 
pr imar i ly by growth at the sutures. 
The location and number of osteoblasts and preosteoblasts found 
in normal sutures suggest that the suture is a site of rapid growth. 
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This is corroborated by the observations made on the vi ta l -
stained material of normal ra ts examined at the 11th day of age. 
The bone apposition in the sutural a rea was at least 25 t imes the 
extent of that observed on the endo- and ectocranial surfaces. 
The cell proliferation studied by analysing the mitotic activity 
in the coronal suture with tritiated thymidine presented further 
proof. The mitotic activity took place along the outer anterior 
edge of the parietal bone and the inner posterior edge of the 
frontal bone. It may be remarked here that the labelled cells were 
found in cambial layers . So, in contradiction to WEINMANN AND 
SICHER's opinion the growth at the sutures is not initiated by a 
proliferation of cells in the middle layer of the suture but by the 
proliferation of cells in the cambial layers . 
Apposition of bone on the ectocranial surface and resorption on 
the endocranial surface of the bones did not contribute to the 
enlargement of the cranial vault to any extent. This was demon
strated by the fact that on both surfaces apposition occurred and, 
moreover, in several places twice as much bone was laid down 
on the endocranial as on the ectocranial surface of the bones. 

The resul ts of the experiments presented here also go to show 
that - for the animals and the period studied - the growth process 
in the sutures is the main factor in the growth of the cranial vault. 
F rom the mere fact that the growth pr imari ly takes place at the 
sutures , it cannot be concluded that sutural growth in itself is the 
factor initiating the enlargement of the cranial vault. However, 
other findings presented in this study point that way. F i r s t of all 
the morphology of the suture and the direction of the fibres in 
normal 11-day-old r a t s . The suture is of a bevelled type and the 
fibres are oriented obliquely, running at an angle of approx. 
15° from the inner sutural surface of the parietal bone to the 
outer sutural surface of the frontal bone (Fig. III-4,p. 22 ¡Plate Il-b). 
It is evident from these observations that tension cannot be made 
responsible for the separation of the bones. If it were true that 
expansion of the brain induces tension in the brain capsule and 
separates the bones, a r eve r se direction of the fibres would have 
to be expected. If it were assumed that p ressure is transmitted 
in the brain capsule, this would explain the fibre direction (Fig. 
III-4). The fibres absorb tensile forces due to the overlapping of 
the two bones. 
Fur thermore , the relaxation of fibres found in isolated implants 
and in the implants that stayed in the brain for the whole period 
may indicate that the fibres did transmit tension. The same holds 
for the sham operations. 
Further support to the point of view that the growth process in 
the sutures is the main factor responsible for the growth of the 
cranial vault is given by the microcephalic experiments. 
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The change in the morphology of the sutures was of minor 
significance. 
There was a greater amount of overlapping of the bones and no 
marked change in the growth potency. 
Vital staining revealed that the amount of bone laid down was 
comparable with normal. This was in accordance with the fact 
that no change in bone weights could be observed and that a 
cephalometric X-ray analysis failed to reveal smaller skull 
dimensions than occurred in normals . 

Together with the increase in dimensions of the brain case, the 
curvature of the individual bones is bound to decrease (they 
become in a way p a r t s of larger c i rc les) . What mechanisms a r e 
responsible for this change is not agreed upon. It has been 
ascribed to differential apposition and resorption on the surfaces 
of the bones (BRASH, 1934; WEINMANN AND SICHER, 1955); to a 
spatial reorientation of the individual bones followed by adjusting 
differential growth (BAER, 1954); and to differential bone appo
sition with limited and localized resorption (YOUNG, 1962). 
Our experiments support the last opinion. Sutural growth was at 
least 25 t imes the growth on the endo- and ectocranial surfaces. 
Somewhat inside the sutural borders , bone resorption took place 
on the endocranial surface. This is proved by the distribution of 
cel ls in the histologic sections, and by the uncovering of the 
tetracycline lines on the endocranial surfaces. Fur ther , prepared 
bones of microcephalic, hydrocephalic, and normal 11-day-old ra t s 
showed a deep red-coloured area (inside the border of colourless 
bone), where bone had been removed. 

It is the concurrence of dominating sutural growth with remodel
ling that causes the skull bones to ' Ъ е с о т е parts of larger 
c i r c l e s " . 

The significance of the fibrous connection between the bones 
dividing the sutural area into two growth sites around the bone 
edges may be explained by the concept of the "architectural 
cranial vault s t ructure" . 
Each section of the cranial vault may be regarded as a round arch. 
The true arch seeks to transform a vertical weight into a lateral 
thrust so as to span an opening greater than could be maintained 
by the tensile strength of the mater ia l . Since bone is considerably 
weaker in tension than in compression (EVANS, 1957) a con
struction of the cranial vault in which p r e s s u r e is transmitted 
would be more obvious. 
If the skull is compared to an architectural vault s t ructure, 
p r e s s u r e is transmitted in the cranial vault after the connection 
between the bones has been established, and the fibres t ransmit the 
compress ive forces in the form of tension. This construction is 
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able to withstand compressive forces from outside in accordance 
with the ascribed protective function of the cranial vault. 
Since the theory about the tension in the brain capsule separating 
the skull bones has been rejected, a different function may be 
ascribed to the fibres. As long as the bones a re growing, a 
separation of the bones takes place in the suture. 
By the proliferation of the cells in the cambial layer around the 
bone edges, the fibres connecting the bones and being a part of 
the periosteum will be formed under tension. By maturation, 
these fibres grow shorter owing to molecular reorganization 
(THOMAS, 1967) and this contraction will shift the bones apart. 
When isolating a par t of the coronal sutural area for implantation, 
the continuity of the periosteum is broken and the separation of 
the bones impossible during further growth. With the intracerebral 
autogenous implantation of the sutural a rea (Fig. III- l) , no 
separation is found. The same is the case with the sham operation 
(Fig. III-3). In both cases the bones grow (checked by vital 
staining). The bone apposition in the implants is smaller than the 
bone apposition in the coronal suture in the control material , but 
this was to be expected, as is explained in the analysis of the 
revascularization of the implants. 

In order to check the validity of the concept of the "architectural 
cranial vault s t ructure" , the mechanical forces around the sutures 
were changed. Induction of microcephaly - as stated above - did 
not resul t in marked changes. On the other hand, induction of 
hydrocephaly yielded information essential to support the "archi
tectural cranial vault s t ructure" concept. The shape of the cranial 
vault becomes spherical and the bones cover a larger area , and 
a re thinner, than normal ones. No change was found in the net 
resul t of bone apposition and resorption, or in the mitotic a c 
tivity, in a comparison with microcephalic ra t s and normals . A 
most remarkable observation was that the bones showed little if 
any overlapping and that the fibres now had a quite different 
orientation. 
The absence of overlapping, the horizontally oriented fibres in 
the sutural area and the stretched appearance of the tissue 
indicate that the brain capsule in the hydrocephalic rat , in 
contrast to the normal situation and the situation in the micro
cephalic r a t s , t ransmits tension instead of p ressure . A complete 
change in the direction of the fibres in the sutural a rea was found 
in studies set up for that purpose by induction of hydrocephaly 
in later developmental s tages , when the fibres a re well-organized 
and established in the sutures (Plate Il-b; VH-a, b). 
This presented further support to the concept of the "architectural 
cranial vault s t ructure" . 
Another point that may be mentioned here is that essentially the 
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same system is found in the periodontal membrane. The fibres 
between tooth and bone, too, transmit compressive forces (some
times of a very high load) in the form of tension. 

The remarks made above should be interpreted in the light of the 
experiments that have been carried out. What has been said is only 
proven for the rat, and the period studied. 
It has to be realized that any application of these findings to other 
animals, or other developmental periods should be made with 
reserve. It may be mentioned here that further experiments are 
going on to investigate if the architectural concept of the cranial 
vault is also applicable to other developmental periods and to other 
species including the human. 
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S U M M A R Y 

The object of this study was to investigate the growth in the 
cranial sutures and to establish by analysis its contribution to the 
growth of the cranial vault. Also, to investigate whether the 
growth at the sutures has to be regarded as autonomous or as 
pr imari ly depending on other factors. 
For that purpose, the morphology and changes in growth of the 
coronal suture were studied in the Wis tar ra t under normal and 
abnormal conditions. The experimental period almost exclusively 
extended from the 4th to the 11th day of age. A number of different 
techniques (Chapter II) were used and about 370 ra ts were 
examined. 
A gross anatomical and histological study of the cranial vault 
was car r ied out on ra ts of 1, 4, 7, 8, 11, 14, 18, 21, and 40 days 
of age. This yielded adequate information for the selection of the 
area as well as of the period most suited for the purpose of the 
investigations. 
Using various techniques, the normal coronal suture at the 4th 
and the 11th day of age and its growth during the intervening 
period were studied. Intracerebral autogenous implantation of a 
par t of the coronal suture was car r ied out on 48 animals. The 
revascularization of the implants was examined by perfusion 
with Indian ink. 
This showed that revascularization s ta r t s 3 days after implan
tation. For a better interpretation of the resul ts of the im
plantation experiment, 4 more control experiments were car r ied 
out, involving a check on the placed implants, a check for the 
bending of the implants, a check on the photographic process , and 
a so-called sham operation. 
The examination of the normal control material revealed that 
the coronal sutural area is an important growth si te. In the period 
from the 4th to the 11th day of age, an overlapping of the bones is 
observed and the original bone a reas a re separated by newly-
formed bone. The size of the individual bones increases p r e 
dominantly by growth at the sutures , and the thickening takes 
place by apposition of bone on both the endo- and ectocranial 
surfaces. The curvature of toe individual bones decreases . The 
cause of this phenomenon is indicated. 
The fibrous connection between the parietal and the frontal bone 
divides the sutural region into two growth sites around the bone 
edges. The direction of the fibres - f rom anterior externally to 
posterior internal ly- suggests that p ressure and not tension is 

67 



transmitted in the brain capsule after the connection has been 
established. 
In the implantation experiments, it was observed that during the 
implantation period osteogenesis takes place without a correspond
ing separation of the bone fragments. This is accounted for by 
pointing out that the fibres in the suture a re responsible for the 
separation. 
On the grounds of the findings described in Chapter III, a governing 
influence of the brain on the sutural growth was rejected and the 
concept of the "architectural cranial vault s t ruc ture" was de
veloped. According to this concept, p ressure and not tension is 
transmitted in the cranial vault. 
To study what happens when the s t r e s ses in the brain capsule a re 
changed and to test the concept of the "architectural cranial 
vault s t ructure" , experiments with induced microcephaly (Chapter 
IV) and hydrocephaly (Chapter V) were set up. 
The former revealed that the morphology of the coronal suture 
in the microcephalic ra t s deviated only slightly from that in the 
control r a t s . The apposition of bone is very much the same and 
no change was found in the size of the heads. This led to the 
conclusion that the brain probably has a supporting function only 
and has only a limited influence, if any, on the growth potency of 
the sutural area . The increase in overlapping of the bones was 
interpreted as a support to the concept of the "architectural 
cranial vault s t ructure" . 
The experiments with the hydrocephaly-induced ra t s revealed 
that (1) the contour of the head was apparently larger and of a 
spherical shape, (2) the bone and bone edges were thinner, and 
(3) the s tructure of the sutural a rea had undergone a complete 
change. 
On the grounds of the increased intracisternal p res su re and the 
change in morphology it was concluded that the brain capsule in 
the hydrocephalic r a t s , in contrast to the normal situation, 
t ransmits tension instead of p ressure . The change in direction of 
the fibres was examined in older animals and demonstrated. 
The change in the fibre direction is interpreted as a valuable 
support to the concept of the "architectural cranial vault structure". 
The net resul t of the total bone apposition and resorption of the 
three categories was studied by weighing and examining the vital-
stained skull bones (Chapter VI). 
No difference in weights of the bones was found and the pattern 
of distribution of the stain was highly concordant with one 
exception. The variation in width of the different borders of the 
individual bones in the control and the microcephalic material 
was not found back in the hydrocephalic material . This was 
interpreted as the elimination of the phenomenon of differential 
growth by the change-over from pressu re to tension. The micro-
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cephalic bones showed more increase in thickness and less 
apposition of bone in the periphery than did the control bones. 
The reverse was true of the hydrocephalic material . 
In order to obtain more information regarding apposition of bone, 
a number of microcephaly- and hydrocephaly-induced ra ts and 
control animals was treated with tritiated thymidine (Chapter 
VII). No difference could be found between the three categories. 
This applies to the radioactivity indices and to the liquid scintil
lation countings. So, no appreciable difference in mitotic activity 
was recorded. An important observation was that the mitotic 
activity was concentrated in the cambial layers , along the outer 
anterior edge of the parietal bone and the inner poster ior edge 
of the frontal bone. 

In the GENERAL DISCUSSION (Chapter VIII), three main aspects 
of the work presented a re dealt with. 
F i r s t , how growth takes place and what has to be considered the 
chief responsible factor in the growth of the cranial vault. 
Second, the process of change in form of the individual cranial 
bones. 
Third, the concept of the "architectural cranial vault s t ructure". 
The findings in this study that have thrown fresh light on the 
problems in hand a re outlined there. 
It is indicated why it was concluded for the animal and the area 
and the period studied that: 
(1) The sutural a rea has a great autonomy of growth; 
(2) The growth of the brain has only a limited influence, if any, 

on the growth potency of the sutural area; 
(3) The change in form of the cranial bones takes place in the 

way indicated; 
(4) The concept of the "architectural cranial vault s t ruc ture" is 

very likely to be applicable. 
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PLATE I 

A section through the coronal sutural area of a 4-day-old rat , perpendicular to the 
sutural line. 
LEFT . the frontal bone 
RIGHT : the parietal bone 
The parietal bone overlaps the frontal one. At some distance from bregma a few 
collagen fibres which connect the two bones run in an oblique direction from the 
anterior ectocranial edge of the parietal bone to the posterior endocranlal edge of 
the frontal bone. Osteoblasts concentrate around the edges of the bones. The bone 
tissue is of an immature, coarse fibrillar structure. 
Stained with tnchrome (Goldner); Magnification : X65. 

A section through an implant of the coronal sutural area of a 4-day-old rat , perpen
dicular to the sutural line. The implant stayed in the brain for ì to 1 hour, (group 3, 
Table III-l). 
LE FT : the frontal bone fragment 
RIGHT : the parietal bone fragment 
The sutural edges of both bone fragments become curved and bend into the suture. 
The distance between the external posterior edge of the frontal bone and the external 
anterior edge of the parietal bone is shorter than in a normal 4-day-old suture. 
The sutural area іь bulky. 
Stained with t n c h r o m e (Goldner); Magnification: X65. 

A section through the parietal bone of a 4-day-old rat, parallel to the sutural line in 
close proximity to the suture. 

At the top of the ectocranial surface with the fibrous layer of the periosteum, the 
cambial layer and a layer of osteoblasts. At the bottom the endocranlal dural 
surface with many osteoclasts arranged in Howship's lacunae. Note the immature 
appearance of the bone tissue. 
Stained with t n c h r o m e (Goldner) ; Magnification: X320. 

(All photographs have been so arranged and numbered as to facilitate comparison). 













PLATE II 

A section of the coronal sutural area of an 11-day-old rat, perpendicular to the 
sutural line. 
LEFT the parietal bone 
RIGHT . the frontal bone 
The parietal bone overlaps the frontal one. The frontal bone consists of 3 trabeculae. 
Fibres connecting the parietal and the frontal bone a re oriented from anterior 
externally to posterior internally. The inclination of the fibre is approx 15 . The 
fibroblasts are oriented in the same direction. 
Stained with trichrome (Goldner); Magnification: X65. 

b. Detail "A" of Photo a. 
Magnification : X260. 
Note the orientation of the fibres. 

A section through the sham-operated region of thecoronal sutural area of an 11-day-
old rat , perpendicular to the sutural line (group 6, Table III-l) . 
LEFT : the parietal bone 
RIGHT . the frontal bone fragment with the cut face 
The overlapping of the bones is small. The suture is disorganized. Stained with 
Stained with trichrome (Goldner); Magnification: X65, 
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PLATE III 

A section, perpendicular to the original sutural line, through an implant of the coronal 
sutural area that has been implanted from the 4th to the 11th day of age. 
LEFT : the frontal bone fragment 
RIGHT : the parietal bone fragment 
The parietal bone fragment overlaps the frontal one. The bone edges are thicker and 
the distance between the bones is smaller than in the control material. Note the small 
diploic spaces in the frontal bone. 
Stained with Van Gieson; Magnification X65. 

b. Detail " B " of a. 
Magnification : X1G0. 
Note the disorganization of the soft tissue in the suture and the immature coarse 
fibrillar type of bone. 

с Detail " C " of a. 
Magnification X320. 
At the top the original ectocranial surface of the bone with a continuous layer of 
osteoblasts is present. The original endocranial surface at the bottom contains 
several osteoclasts. 
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PLATE IV 

A section, parallel to the original sutural line, through an implant that has been 
implanted from the 4th to the 7th day of age (group 7, Table II1-1), 
Capillaries containing Indian ink are distinguishable close to the bone tissue. 
Stained with Van Gieson; Magnification: X105. 

b. A section, perpendicular to the original sutural line, through an implant that has been 
implanted from the 4th to the 11th day of age (group 7, Table Ш-1). 
Capillaries containing Indian ink are distinguishable in the diploic spaces inside 
the bone. 
Stained with Van Gieson; Magnification: X160 

A section, perpendicular to the original sutural line, through an implant that has been 
implanted from the 4th to the 11th day of age (group 1, Table III-l). 
LEFT: frontal hone fragment 
RIGHT: parietal bone fragment 
Tetracycline-stained bone is present inside the bone fragments. On all surfaces 
alizarin red S-stained bone is distinguishable. 
Non-decalcified section photographed under the fluorescence microscope; Magnifi
cation: X65. 













PLXTE V 

Section through the parietal bone of an 11-day-old control rat, ixirpendicular to the 
coronal suturai line, medially. 
LEFT: towards the coronal suture 
RIGHT towards the centre of the bone 
Tetracycline was administered at 3 days of age, alizarin red S H hours prior to 
sacrificing. The tetracyclme-stained bone is visible as a wave inside the bone. On 
the surfaces alizarin red S-stamed bone is seen. 
Non-decalcified section photographed under the fluorescence тісгоьсоре; Magnifi
cation: X65. 

Section through the frontal bone of an 11-day-old control rat, perpendicular to the 
sutural line. Tetracycline was administered at 3 days of age, alizarin red S 8 hours 
prior to sacrificing. Note the diploic spaces formed by resorption. The tetracycline-
stained bone is interrupted. 
Non-decalcified section photographed under the fluorescence microscope. Magnifi
cation X260. 

Section through the parietal bone of an 11-day-old control rat, perpendicular to the 
coronal sutural line, laterally. 
LEFT, towards the coronal suture 
RIGHT: towards the centre of the bone 
Tetracycline was administered at 3 days of age, alizarin red S 8 hours prior to 
sacrificing. The tetracycline-stained bone is uncovered on the dural surface of the 
bone. 
Non-decalcified section photographed under the fluorescence microscope, Magnifi
cation. X65. 







PLATE Vili 

a. 4-day-old rat positioned in the cephalostat 

b. 11-day-old rat positioned in the cephalostat. The beam was collimated by means of 
a lead tube of 75 mm internal diameter. 
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PLATE VII 

Section through the coronal sutural area of a 14-day-old hydrocephalic rat , per|)en-
dicular to the sutural line. 
LEFT: the frontal bone 
HIGHT: the parietal bone 
Hydrocephaly was induced at 7 days of age. Note the different direction of the fibres 
in the suture, the change is approx. 150°. 
Stained with Van Gieson; Magnification: X160. 

b. Section through the coronal sutural area of a 15-day-old hydrocephalic rat , perpen
dicular to the sutural line. 
LEFT: the frontal bone 
HIGHT: the parietal bone 
Hydrocephaly was induced at 11 days of age. The direction of the fibres connecting 
the two overlapping bones has changed by about 150 . 
Stained with Van Gieson; Magnification: X160. 













PLATE VI 

a. Section through the coronal sutural area of an 11-day-old control rat, perpendicular 
to the suturai line. 
LEFT: the frontal bone 
RIGHT: the parietal bone 
Note the inclination of the fibres in the sutures being approx. 15°. 
Stained with H.E. (Delafield); Magnification: X50. 

b. Section through the coronal sutural area of an 11-day-old microcephalic rat , perpen
dicular to the sutural line. 
LEFT: the frontal bone 
RIGHT: the parietal bone 
The suture is bulky. The overlapping parts of the bones are thicker than in the control 
rats and farther apart vertically. The inclination of the fibres is approx. 30°. 
Stained with Van Gieson; Magnification: X65. 

Section through the coronal sutural area of an 11-day-old hydrocephalic rat, perpen
dicular to the sutural line. 
LEFT: the frontal bone 
RIGHT: the parietal bone 
The suture has a stretched appearance. The bones are thinner than in the control 
rats . The fibres run uninterruptedly through the suture. 
Stained with tnchome (Goldner); Magnification: X65. 



















PLATE IX 

a. X-ray photograph of a 4-day-old rat , horizontal exposure. 

b. X-ray photograph of a 4-day-old rat , vertical exposure. 

c. X-ray photograph of an 11-day-old rat, horizontal exposure. 

d. X-ray photograph of an 11-day-old rat, vertical exposure. 













PLATE Χ 

a. X-ray photograph of an 11-day-old microcephalic rat, horizontal exposure. 

b. X-ray photograph of an 11-day-old microcephalic rat, vertical exposure. 

с X-ray photograph of an 11-day-old hydrocephalic rat, horizontal exposure. 

d. X-ray photograph of an 11-day-old hydrocephalic rat, vertical exposure. 
Note the ball-shaped cranial cavity. 













PIATE XI 

a. Cross section through the head of an 11-day-old control rat. 

b. The tibia, the parietal bone, and the interparietal bone, of an 11-day-old control rat. 
Note the border of uncoloured bone around the periphery of the skull bones. 

.' Ditto for an 11-day-old microcephalic rat. 

. ' Ditto for an 11-day-old hydrocephalic rat. 
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PLATE XII 

Section through the coronal sutural area of a 4-day-old unoperated control rat, 
perpendicular to the sutural line. 
LEFT the frontal bone 
RIGHT, the parietal bone 
The rat was injected with tnt iated thymidine at 4 days of age and sacrificed 2 hours 
after. The labelled cells concentrate around the bone edges. 
Stained with H.E. (Mayer); Magnification: X260. 

b. Section through the coronal sutural area of an 11-day-old unoperated control rat , 
perpendicular to the sutural line. 
LEFT: the frontal bone 
RIGHT: the parietal bone 
Tntiated thymidine was injected 2 hours prior to sacrificing at the 11th day. The 
labelled cells concentrate around the bone edges. 
Stained with H.E. (Mayer); Magnification: X260. 













PLATE ХШ 

Section through the coronal sutural area of ani l-day-old microcephalic rat, perpen
dicular to the sutural line. 
LEFT: the frontal bone 
RIGHT: the parietal bone 
Tntiated thymidine is injected 2 hours prior to sacrificing at the 11th day. The 
labelled cells concentrate around the bone edges. 
Stained with H.E. (Mayer); Magnification: X260. 

b. Section through the coronal sutural area of an 11-day-old hydrocephalic rat, perpen
dicular to the sutural line. 
LEFT: the frontal bone 
RIGHT: the parietal bone 
Tntiated thymidine is injected 2 hours prior to sacrificing at the 11th day. The 
labelled cellt. concentrate around the bone edges. 
Stained with H.E. (Mayer); Magnification: X260. 









STELLINGEN 

1. 

Het is zeer de vraag of er een direct verband bestaat tussen de 
groei van de hersenen en de groei van het cranium. 

2. 

Het "V-principle" van Enlow is ook toepasbaar op de groei van de 
craniale beenderen. 

Enlow, D.H. (1963) Principles of bone remodeling. 
Springfield, Illinois, Charles Thomas. 

3. 

De opvatting van Weinmann en Sicher, dat de celproliferatie alleen 
plaatsvindt in het middelste gedeelte van de sutuur, is onjuist. 

Weinmann, J .P . en Sicher, H. (1955) Bone and 
Bones. St. Louis, C.V. Mosby Comp. 

4. 

De hypothese van Moss betreffende de groei van de schedelbeende-
ren is experimenteel onvoldoende ondersteund. 

Moss, M.L. (1962) Vistas in Orthodontics pag. 
9 1 - 9 3 . 

5. 

Getrit ieerde thymidine leent zich moeilijk tot het verkrijgen van 
nauwkeurige kwantitatieve gegevens over celproliferatie. 





6. 

De musculus buccinator wordt in de anatomische literatuur als 
regel onjuist beschreven. 

Howland, J.H. en Brodie, A.G. (1966) The Angle 
Orthodontist 36 : 1. 

7. 

De invloed van orthodontische afwijkingen op de spraak wordt in 
het algemeen overschat. 

8. 

De behandeling van schisis-patiënten dient in team-verband te 
gebeuren. 

9. 

Network-planning kan met succes worden toegepast bij de opzet 
en uitvoering van wetenschappelijk onderzoek. 

10. 

De Nederlandse samenleving zou de werkkracht van de vrouw 
beter kunnen benutten. 

Stellingen behorende bij het proefschrift van 
B. Prahl-Andersen 
"Sutural Growth" 
Nijmegen, juli 1968. 








